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Abstract  
Conventional power plants for the conversion of fossil fuels to electricity have low 
efficiencies and produce large amount of carbon dioxide, a greenhouse gas, which 
contribute to climate change. Hence, a molten tin reformer and methane-fuelled 
SOFC with molten tin anode (Sn(l)-SOFC) for easier CO2 capture and higher power 
efficiency were investigated. Both systems involved oxygen dissolution in molten tin 
and methane reaction with the dissolved oxygen, as well as gas bubbling, so oxygen 
dissolution and methane reaction at bubble | molten tin interface were investigated. 
Oxygen was separated successfully from a 10%O2-He blend through gas bubbling 
and dissolution in molten tin which suggests that oxygen may be separated from air 
in the molten tin reformer by bubbling air through molten tin in the first stage of the 
periodic process. An LSM-YSZ/LSM double-layered reference electrode and YSZ 
electrolyte potentiometric oxygen sensor was used to measure the concentration of 
dissolved oxygen in molten tin; hence, enabling derivation of the solubility limit and 
Gibbs energy change for the formation of SnO which was in equilibrium with oxygen 
at the solubility limit. The solubility of oxygen in molten tin in equilibrium with SnO in 
the temperature range 973 – 1123 K was ca. 0.019 - 0.107 atom%. 
The rate of oxygen dissolution in molten tin when 10%O2-He blend was bubbled 
through it was controlled by chemical reaction at the bubble | molten tin interface; the 
mechanism involved a first step of chemisorption to molten tin at the bubble | molten 
tin interface, forming SnO as the absorbed intermediate. The second step of the 
mechanism involved the dissociation of SnO to molten tin and oxygen atom 
incorporated in the molten tin. The rate limiting step was the dissociation of SnO into 
molten tin and oxygen atom.  
Likewise, the rate of deoxygenation of molten tin by 10%CH4-He was not limited by 
the diffusion of oxygen atoms in the molten tin but might be limited by surface 
reaction at the bubble | molten tin interface. 
The performance of the molten tin reformer and methane-fuelled Sn(l)-SOFC depends 
on bubble size and behaviour, so bubbles generated in molten tin were characterized 
by determining the sizes, shape, velocities, and behaviour under different operating 
conditions of nozzle diameter, gas flow rates and temperatures. A pressure pulse 
technique which incorporates a differential pressure transducer was employed 
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successfully in the measurement of frequencies of bubble formation in molten tin at 
high temperatures in the range 973 -1173 K while the bubbles were approximated as 
oblate spheroids which wobbled. 
LSM cathodes were deposited on micro-tubular YSZ electrolytes and the 
microstructures and electrical conductivities characterized by scanning electron 
microscopy (SEM) and four-point probe resistance measurement, respectively. SEM 
micrographs showed the densification of LSM cathodes with increased sintering 
temperature, which resulted in increased electrical conductivities. Potential 
difference-current density data and impedance spectra were determined for a 
methane-fuelled Sn(l)-SOFC. A peak power density of about 100 W m-2 at a current 
density of 222 A m-2 and potential difference of 0.45 V was obtained for the methane-
fuelled Sn(l)-SOFC at 850 oC. Impedance spectra showed that ohmic potential losses 
controlled the reactor performance, with about half of those arising from the inherent 
difficulty in achieving a low resistance contact at the (Ag wire) Ag wool current 
collector | LSM cathode interface. 
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Notation  
Symbol Meaning Units 
A Area m2 
a Activity - 
Cp Specific heat capacity at constant pressure J mol-1 K-1 
C
 
Concentration mol m-3 
D  Diffusion coefficient m2 s-1 
d Diameter m 
Ea Activation energy for conduction kJ mol-1 
∆E Equilibrium potential difference  V 
0E  Standard ideal potential diffrence V 
F Faraday constant, 96,485 C mol-1 
F Force N 
f frequency s-1 
g gravitational acceleration, 9.80665 m s-2 
H Specific enthalpy J mol-1 
h depth m 
I Current A 
ί Reacting species - 
j Current density A m-2 
jo Exchange current density A m-2 
K Equilibrium constant - 
kG Gas film mass transfer coefficient m s-1 
kL Liquid film mass transfer coefficient m s-1 
KB Boltzmann constant, 1.3806504 x 10-23 J K-1 
M Molecular weight g mol-1 
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m mass kg 
n amount mol 
P Pressure N m-2 
Pe Power density W m-2 
R Universal gas constant, 8.31441  J mol-1 K-1 
r radius m 
r  rate mol m
-2 s-1 
T Absolute temperature K 
t time s 
U Cell voltage V 
V Volume m3 
We Electrical work J 
x position m 
z position m 
∆G Gibbs energy energy J mol-1 
∆H Enthalpy change J mol-1 
∆S Entropy change J mol-1 K-1 
α Transfer coefficient - 
δG Gas film thickness m 
δL Liquid film thickness m 
η Overpotential V 
νe Electron stoichiometry - 
π Constant, 3.141592654 - 
µ viscosity kg m-1 s-1 
ρ density kg m-3 
Sn  Surface tension of tin N m-1 
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σ Electrical conductivity S m-1 
ΦCarnot Carnot efficiency - 
Φth Thermodynamic efficiency - 
Φactual Actual efficiency - 
[O] Dissolved oxygen atom  atom % 
v  Velocity m s-1 
  Residence time s 
 
Subscripts and superscripts 
i    -   interface 
b         -   bulk  
Sn      -            molten tin 
B        -   bubble 
no      -             nozzle 
o        -             initial 
L        -             liquid 
G       -             gas 
s        -             saturation  
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1. Introduction 
Electricity is required globally in industries, residences, agriculture, transportation, 
commercial and public services; for use in electronics, lighting, household 
appliances, resistance heating, trains, electric motors, and electrochemical 
processes (World Energy Council, 2013; International Energy Agency, 2013a).   
As world population increases, there is a corresponding increase in electricity 
requirement; for instance an increase in world population from about 5.5 billion in 
1993 to 7 billion in 2011 was accompanied by a corresponding increase in electricity 
generation from 12,607 to 22,202 TWh while it is projected that the population would 
be about 8.1 billion in 2020 with a corresponding increase in electricity requirement to 
about 23,000 TWh (World Energy Council, 2013). Global electricity requirements may 
also increase due to income growth especially through developing countries’ quest 
for social and economic development by industrialization and modernization (BP, 
2014; World Energy Council, 2013; International Energy Agency, 2013a); Figure 1.1 
shows that about 40% of electricity demand in 2011 was used in industries to drive 
electric motors most of which were in the industrialized countries of the world.   
Electricity is obtained from primary energy sources which include fossil fuels (coal, 
crude oil, and natural gas), nuclear energy, and renewables (geothermal, wind, solar, 
marine, hydropower, and biomass). These energy sources are coupled to ensure 
available, sufficient, reliable, and sustainable supply of energy (Forsberg, 2009; BP, 
2014). As shown in Figure 1.2; 82 % of energy supplied in 2011 was fossil fuels, 11% 
was renewables (excluding large hydroelectricity sources) while 2% was obtained 
from hydroelectric plants of capacity larger than 10 MW (World Energy Council, 
2013). Figure 1.3 shows the fuel share of electricity generation in 2011; 41.3%, 
21.9%, 15.8%, 11.7%, 4.8%, and 4.5% were obtained from coal (or peat), natural 
gas, hydropower, nuclear, oil, and other (geothermal, solar, wind, biofuels and waste, 
and heat) sources respectively (International Energy Agency, 2013a). About 68% of 
the total electricity generated in 2011 was from non-renewable fossil fuels. 
 Table 1.1 Table 1.2 and Table 1.3 show the reserves, production, and reserves to 
production ratio of coal, oil, and natural gas respectively for the 5 top countries and 
the rest of the world in 2011. The global reserves of coal, oil, and natural gas were 
891,530 (Mt), 223,454 (Mt) and 209,742 (bcm) with a corresponding production of 
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7520 (Mt), 3937 (Mt), 3518 (bcm) respectively. Based on the reserves and production 
of 2011, the predicted reserves to production ratio were 100, 56, and 55 years for 
coal, oil, and gas respectively (World Energy Council, 2013), this suggested that the 
world non-renewable reserves of coal, oil, and natural gas would be exhausted in ca. 
100, 56, and 55 years respectively. Hence, efficient energy conversion devices are 
required for the transformation of these limited and non-renewable reserves of fossil 
fuels to electricity. 
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Figure 1.1: Global electricity demand by 
application (World Energy Council, 2013) 
Figure 1.2: Total primary energy supply (14, 092 
Mtoe)  by resource in 2011 (World Energy 
Council, 2013) 
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Figure 1.3: Fuel shares of 22,126 TWh of 
electricity generation in 2011 (International 
Energy Agency, 2013a), “other” includes 
geothermal, solar, wind, biofuels and waste, and 
heat 
Figure 1.4: Fuel shares of 31,342 Mt of CO2 
emissions in 2011 (International Energy Agency, 
2013a). “Other” includes industrial and non-
renewable municipal waste. 
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Table 1.1: Natural gas reserves and production by top 5 countries and global totals in 2011 (World 
Energy Council, 2013) 
Country  Reserves / bcm Production / bcm R/P (years) 
Russian federation 47750 670 71 
Iran 33790 150 >100 
Qatar 25200 117 >100 
Turkmenistan 25213 75 >100 
Saudi Arabia 8028 99 81 
Rest of the World 69761 2407 22 
Global Totals 209742 3518 55 
     
Table 1.2: Crude oil reserves and production by top 5 countries and global totals in 2011 (World 
Energy Council, 2013) 
Country  Reserves / Mt Production / Mt R/P (years) 
    Venezuela 40450 155 >100 
Saudi Arabia 36500 526 69 
Canada 23598 170 >100 
Iran 21359 222 96 
Iraq 19300 134 >100 
Rest of World 82247 2766 30 
Global total 223454 3973 56 
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Table 1.3: Coal reserves and production by top 5 countries and global totals in 2011 (World Energy 
Council, 2013) 
Country  Reserves / Mt Production / Mt R/P (years) 
    United States of America 237295 1092 >100 
Russian Federation 157010 327 >100 
China 114500 3384 34 
Australia 76400 398 >100 
India 60600 516 >100 
Rest of World 245725 1805 >100 
Global total 891530 7520 >100 
        Used by permission of the World Energy Council 
      www.worldenergy.org 
1.1. Carbon Dioxide Emission 
The process of transforming fossil fuel into electricity is usually  associated with the 
emission of carbon dioxide, a green house gas which causes undesirable global 
warming and climate change (Marland and Rotty, 1984; Andres et al., 1999; IPCC, 
2005; Andres et al., 2011). Figure 1.4 shows the shares of carbon dioxide emissions 
from fuel combustion in 2011; 44% of CO2 emissions were from coal/peat, 35.3 % 
from oil, 20.2% from natural gas, and 0.5% from other (industrial and non-renewable 
municipal waste) sources (International Energy Agency, 2013a). 
Reduction in CO2 emissions due to electricity generation can be achieved through 
carbon dioxide capture and storage, increased use of fossil fuels that produce less 
emissions (i.e. fuel switching) e.g. natural gas (Figure 1.4) which has a lower C/H 
ratio than coal, using more efficient energy conversion devices, and the increased 
use of renewable and nuclear energy sources to generate electricity (IPCC, 2005; 
Beér, 2007; International Energy Agency, 2008; Cullen & Allwood, 2010; Notz et al., 
2011). In addition, CO2 concentration in the atmosphere can be reduced by the 
improvement of natural biological sinks e.g. forests and soils via agricultural and 
forestry practices (IPCC, 2005). 
CO2 capture involves the production of a concentrated stream of the gas which could 
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be readily transported to a storage site. There are three main approaches for CO2 
capture which have been identified and are being investigated: pre-combustion 
capture, post combustion capture, and oxy-fuel combustion (IPCC, 2005). The pre-
combustion capture involves processing the primary fuel in a reactor by reacting it 
with oxygen or air and/or steam to produce mainly synthesis gas (syngas) which is a 
mixture of carbon monoxide (CO) and hydrogen (H2). The syngas is then reacted 
with steam in a water gas shift reactor to convert the CO to CO2 and more hydrogen; 
the CO2 is then separated for storage while the resulting hydrogen-rich stream may 
be used in fuel cells, gas turbines, furnaces, and boilers. Post combustion CO2 
capture involves the removal and storage of CO2 from the flue gases generated by 
the combustion of natural gas, oil, coal or biomass in air; the combustion process flue 
gases are not discharged directly to the atmosphere, the CO2 is first removed, 
usually by passing the flue gas through a chemical sorbent, before the CO2 delepetd 
flue gas is discharged to the atmosphere. The oxy-fuel combustion process for CO2 
capture involves the use of oxygen instead of air for combustion; the CO2 in the flue 
gas which consists mainly of H2O and CO2 is readily separated and stored. However, 
oxygen is supplied from a cryogenic air separation unit which involves high 
investment and energy consumption (Castle, 2002; Kerry, 2007; Häring, 2008), so 
recent interest is in the use of chemical looping cycles which involve a solid metal 
intermediate for oxygen supply to the fuel in an oxy-fuel combustion process (Li and 
Fan, 2008; Fan, 2010; Adanez et al., 2012).    
The potential for renewable energy sources vary from place to place and these 
energy sources still face limitations related to intermittency of supply, land use, cost, 
and other social and environmental issues (IPCC, 2005; Armaroli & Balzani, 2007; 
Chu & Majumdar, 2012). With nuclear energy, there is the concern of capital, waste 
disposal, and decommissioning cost, and safety (especially after the 2011 
Fukushima-Daiichi accident in Japan) as well as issues of spent fuel disposal and 
risks of proliferating nuclear weapons (Chu & Majumdar, 2012; International Energy 
Agency, 2013b; Masters, 2013). Also, as mentioned earlier, all the primary energy 
sources which include coal, oil, natural gas, nuclear energy and renewables are 
required for sustainable energy supply. Hence, using efficient and consequently more 
environmentally benign energy conversion devices for the transformation of fossil 
fuels to electricity is essential to the reduction of CO2 emissions and its consequent 
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effect on the climate (IPCC, 2005; Beér, 2007; Forsberg, 2009; World Energy 
Council, 2013; BP, 2014).  
1.2. Efficiencies of Power Plants  
The global average efficiencies of electricity generation from coal, oil, and natural gas 
are 34%, 37%, and 40% respectively (Beér, 2007; International Energy Agency, 
2008; World Energy Council, 2013). The essential devices employed for the 
conversion of fossil fuels to electricity consist of (Masters, 2013): a basic coal-, oil-, or 
natural gas-fired steam power plant in which the combustion of coal, oil, or natural 
gas in the firing chamber of a steam generator generates heat which is converted 
into mechanical work in a turbine (connected to an electrical generator) based on the 
Rankine cycle (in which water is alternatively vaporised and condensed). High 
pressure, high temperature steam from the steam generator expands through a set 
of turbine wheels which spin the turbine and shaft of the electrical generator that is 
connected to it, while the electrical generator converts the mechanical energy into 
electrical power which goes onto transmission line for distribution. 
Other energy conversion devices used for fossil fuel conversion to electricity include 
the simple cycle-gas turbine, combined-cycle gas turbine (CCGT), and the integrated 
gasification combined-cycle (IGCC) power plants (Weedy et al., 2012; Masters, 
2013): Gas turbines are usually natural gas-fired, in the basic simple-cycle gas 
turbine power plant, fuel (usually natural gas) is mixed with hot compressed air, 
burned in a combustion chamber, and the exhaust gases expanded in a turbine 
which is connected to an electrical generator.  
In the combine-cycle power plant, in addition to the basic features and operation of 
the simple-cycle gas turbine; the hot exhaust gases from the gas turbine are passed 
through a heat exchanger (heat recovery steam generator) to generate steam which 
is used to power a second stage steam turbine to generate more electricity, in 
contrasts to the simple-cycle gas turbine in which the hot exhaust gases are released 
to the atmosphere (Weedy et al., 2012; Masters, 2013). The operation of the simple-
cycle gas turbine is based on the Brayton cycle in which the working fluid remains a 
gas throughout the cycle while that of the combined-cycle gas turbine is based on 
Brayton-Rankine combined cycle (Beér, 2007; Masters, 2013).  
Large size natural gas-fired aeroderivative gas turbine can achieve efficiencies of 
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about 40% while natural gas-fired, combined-cycle power plants have efficiencies in 
the range 45-54% and others being developed may approach ca. 60% (Beér, 2007; 
Weedy et al., 2012;  World Energy Council, 2013; International Energy Agency, 
2013b; Masters, 2013).  
The integrated gasification combined-cycle (IGCC) power plant operates on coal; in 
this power plant, steam is brought in contact with coal-water slurry to produce mainly 
synthesis gas which is mixed with oxygen separated from air, cleaned up, and then 
combusted in a gas turbine. Like the natural gas-fired combine-cycle (NGCC) power 
plant, the exhaust gases from the gas turbine generate steam in a heat recovery 
steam generator which powers a second stage steam turbine to generate more 
electricity. The IGCC has the advantage of generating high pressure and 
concentrated CO2 stream which is easier to separate and capture compared with low 
pressure flue gases and the efficiency of the IGCC is ca. 40 % (Masters, 2013).  
The efficiencies of these conventional power plants are subject to the Carnot 
efficiency limit, and in addition to large amounts of CO2, other pollutants which 
include SO2, NOx as well as particulates (especially from coal) are generated during 
fuel combustion (Notz et al., 2011; Masters, 2013).  
1.3. Fuel Cells 
Fuel cells are electrochemical devices which can continuously convert the chemical 
energy of fuels and oxidants directly to electrical energy (and heat) without involving 
direct combustion (Larminie and Dicks, 2003). They are simple, consisting basically 
of two electrodes and an electrolyte, and are characterized by quiet operation 
(Ormerod, 2003).  
The electrical efficiency of a fuel cell is not subject to the Carnot limit (Larminie and 
Dicks, 2003; McIntosh and Gorte, 2004) and higher efficiencies in the range 40-60% 
(Song, 2012; Wu & Wang, 2006; Giddey et al., 2012) and so lower emissions can be 
achieved compared to conventional coal-fired and gas-fired power plants. Also, fuel 
cell efficiencies higher than 80% may be achieved when the exhaust heat from a high 
temperature fuel cell is used in a combined heat and power system (Wu & Wang, 
2006; Giddey et al., 2012; Masters, 2013).  
The flue gases generated by conventional power plants contain large quantity of 
nitrogen along with CO2 which increase the complexity and cost of CO2 capture and 
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storage (Notz et al., 2011). In contrast, the exhaust CO2 stream from e.g. a methane- 
or carbon-fuelled fuel cell does not contain nitrogen, so emissions are lower and CO2 
capture and storage is easier and cheaper. 
These attributes of fuel cells make them very attractive energy conversion devices for 
the transformation of fossil fuels to electricity; consequently the development of fuel 
cells for power generation is being pursued globally (EG&G Technical Services Inc, 
2004; Brett et al., 2008). 
Table 1.4: Features of main fuel cells types (EG&G Technical Services Inc, 2004; Song, 2002, Wu & 
Wang, 2006; Giddey et al., 2012) 
Type of Fuel Cell PEMFC AFC PAFC MCFC SOFC 
Electrolyte 
Solid 
polymer, 
proton 
exchange 
membrane 
KOH H3PO4 
Molten Li, 
Na or/and K 
carbonates 
 
O2- conducting 
ceramics (e.g. 
yttria stabilized 
zirconia) 
Fuel H2 H2 H2 CO/H2 CO/H2, or CH4 
Oxidant O2/air 
Purified 
air/O2 
O2/air CO2/O2/air O2/air 
Charge Carrier      
Operating 
Temperature / oC 
50-80 65-220 180-220 650 500-1000 
Impurity Sensitivity CO, Sulphur 
CO, CO2, 
Sulphur 
CO, 
Sulphur 
Sulphur Sulphur 
Electrical Efficiency 
/ % 
40-50 45-60 40-50 50-60 45-60 
 
Several types of fuel cells are being developed; they are usually classified based on 
the type of electrolyte or fuel used. There are five main types based on classification 
by electrolyte: the proton exchange membrane fuel cell (PEMFC) which uses a solid 
polymer membrane as the electrolyte, alkaline fuel cell (AFC) which uses potassium 
hydroxide, phosphoric acid fuel cell (PAFC) which uses phosphoric acid, molten 
carbonate fuel cell (MCFC) which uses a mixture of molten lithium and potassium 
H  23CO
 2O OH
H 
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carbonates, and the solid oxide fuel cell (SOFC) which uses a solid oxide. In addition 
to these, there are other types such as the direct carbon fuel cell (DCFC), direct 
ethanol fuel cell (DEFC) and direct methanol fuel cell (DMFC) which are also being 
developed but are named after the fuel employed. Table 1.4 presents the features of 
the main fuel cell types; the molten carbonate and solid oxide fuel cells are high 
temperature fuel cells which operates in the temperature range 500 – 1000 oC, so 
they can run on carbon monoxide in addition to hydrogen used by other fuel cells. 
The PEMFC, AFC, and PAFC are sensitive to carbon monoxide while all the five fuel 
cells may be poisoned and deactivated by sulphur.  
A fuel cell consists basically of two electrodes (an anode and a cathode) and an 
electrolyte. The electrolyte conducts either a positive or negative ions (depending on 
the type of fuel cell) between the electrodes and also acts as a physical barrier that 
prevents the direct mixing of the fuel and oxidant (Carrette, Friedrich & Stimming, 
2001; Jacobson, 2009). The electrochemical reaction in the fuel cell actually occurs 
at the interface of the electrode, electrolyte and fuel/oxidant usually referred to as the 
three phase interface/boundary (EG&G Technical Services Inc, 2004). The 
electrodes are electronic conductors and are usually porous; they conduct electrons 
into or away from the three phase boundary and ensure that reactant gases are 
equally distributed while reaction products are efficiently led away to the bulk gas 
phase (Carrette, Friedrich & Stimming, 2001; EG&G Technical Services Inc, 2004).  
+ -Load
2e-
H2
H2
H+
O2
O2
H2O
Cathode Electrolyte Anode  
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4e-
H2
H2O
O2-
O2
O2
Cathode Electrolyte Anode
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Figure 1.5: Schematic of a single proton 
exchange membrane fuel cell 
Figure 1.6: Schematic of a single solid oxide fuel 
cell  
In a fuel cell such as the PEMFC shown in Figure 1.5 (compare with the SOFC 
shown in Figure 1.6), hydrogen is continuously fed to the anode while an oxidant 
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usually oxygen (air) is fed to the cathode of the cell. Oxidation of the fuel occurs at 
the anode while hydrogen proton is conducted through the ion conducting electrolyte 
to the cathode and electrons through an external circuit (load) to the cathode. At the 
cathode the proton combines with oxygen in the presence of the electrons to form 
water. The electrochemical reactions which occur within this fuel cell are: 
Anode Reaction: 24 4 2H e H
    [1.1] 
Cathode Reaction: 2 24 4 2O H e H O
     [1.2] 
Overall Reaction: 2 2 22 2O H H O   [1.3] 
1.4. Solid Oxide Fuel Cell for Methane Conversion to Electricity 
The solid oxide fuel cell (SOFC) is an oxide ion conducting fuel cell which consists of 
porous oxygen reducing cathode, a dense oxide ion conducting solid oxide 
electrolyte and a porous fuel oxidizing anode. In an SOFC, oxygen is fed to the 
cathode where it is reduced to oxide ion at the cathode/electrolyte interface and then 
conducted by the electrolyte to the anode. At the anode/electrolyte interface the 
oxide ion reacts with a fuel such as hydrogen to produce water and release electrons 
which pass through an external circuit to the cathode. Figure 1.6 schematically 
depicts this process. 
Anode Reaction:  22 22 4 2 2H O e H O
      [1.4] 
Cathode Reaction:  22 4 2O e O
     [1.5] 
Overall Cell Reaction:  2 2 22 2H O H O    [1.6] 
SOFCs possess the general qualities of fuel cells such as high efficiency, no moving 
parts, quiet operation and low or zero emissions at the point of use (Brett et al, 2008). 
They also have the additional benefit of fuel flexibility, use of inexpensive catalysts, 
tolerance to carbon monoxide with the ability to use it as fuel, use of solid electrolyte 
which eliminates potential problems associated with liquid electrolytes such as 
corrosion and loss of electrolytes, greater tolerance to impurities which poisons other 
fuel cells such as sulphur, and are particularly suited to combined heat and power 
(CHP) applications (Stambouli and Traversa, 2002; Ormerod, 2003; Stevenson et al., 
2005).  
As shown on Table 1.4, their efficiency is high, in the range 45-60%, and due to the 
high operating temperature and tolerance to carbon monoxide they are fuel flexible, 
so in addition to hydrogen they can in principle be powered with carbonaceous fuels 
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including natural gas, liquid hydrocarbons, coal and biomass (Minh, 2004; Ormerod, 
2003). High operating temperature also make them well suited for use in combined 
heat and power generation systems (Ormerod, 2003; Stevenson et al., 2005; 
Stambouli and Traversa; 2002). 
In recent times natural gas (which consists mainly of methane) has become more 
attractive for electricity generation: It is a much cleaner fuel and its combustion emits 
lesser amount of CO2 compared to coal (Wang & Economides, 2009; Levi, 2013; De 
gouw, 2014), so it is considered as a favourable fuel to switch to from coal which is 
dirtier and emits larger amounts of emissions including CO2, SO2, NOx, as well as 
particulates which have adverse effects on the environment (Levi, 2013; De gouw, 
2014). Also, the recent surge in shale gas reserves and production in the United 
States of America has led to an increase in natural gas production and fall in price 
which favour coal-to-natural gas fuel switching for power generation (World Energy 
Council, 2013; Macmillan, Antonyuk & Schwind, 2013; Pratson, Haerer & Patiño-
echeverri, 2013). Consequently, natural gas is becoming increasing important in the 
globally energy mix required for secure, reliable and sustainable energy supply 
(Forsberg, 2009; World Energy Council, 2013; BP, 2014). Hence it is desirable to use 
methane in solid oxide fuel cell to generate electricity efficiently and with low 
emissions to the environment. 
Methane reforming to synthesis gas (CO+H2) is usually required to use methane in 
SOFCs, the reforming process may be internal or external to the SOFC but it 
increases the cost and complexity of the fuel cell system (Cheekatamarla, Finnerty & 
Cai, 2008; Klein et al., 2009). In addition, the nickel catalyst employed for methane 
reforming is prone to sintering, carbon deposition, sulphur poisoning and subsequent 
deactivation (Clarke et al., 1997; Sehested, 2006; Nikolla, Schwank, & Linic, 2008; 
Klein et al., 2009). 
1.5. Molten Tin Reformer and SOFC with Molten Tin Anode 
A novel molten tin reformer and SOFC with molten tin anode (Sn(l)-SOFC) are being 
investigated at the Department of Chemical Engineering, Imperial College London.  
These systems endeavour to resolve the problem of CO2 emission and efficiency of 
power generation from conventional power plants mentioned previously. The molten 
metal reformer depicted schematically in Figure 1.7 could be employed as a pre-
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combustion CO2 capture technology, while the Sn(l)-SOFC shown in Figure 1.8 is 
expected to address both issues of CO2 emission and efficiency of electrical power 
generation. The molten metal reformer is a two-stage partial oxidation reactor; in the 
first stage of its operation air is bubbled through molten tin so that oxygen is 
absorbed from the bubbles into the molten tin while an oxygen depleted air consisting 
mainly of nitrogen exits the reactor. In the second stage a primary fuel e.g. natural 
gas (methane) is injected into the oxygenated molten tin wherein it is partially 
oxidized to syngas by the dissolved oxygen in the molten tin: 
 4 2( ) [ ] ( ) 2 ( )SnCH g O CO g H g    [1.7] 
The CO present in the syngas exiting the molten metal reformer may be converted 
into CO2 and more H2 in a water gas shift reactor while the hydrogen generated may 
be combusted in gas turbines, furnaces, boilers, and fuel cells to generate electricity. 
The molten metal reformer may function as a molten metal gasifier if fed with a solid 
fuel like coal, and may be fitted to existing conventional coal- or natural gas-fired 
power plants for a pre-combustion CO2 capture. 
The molten metal reactor functions as an oxygen separator from air separator in the 
first stage of the process and as a reformer in the second stage of the process. As 
previously mentioned, a high investment and energy consumption cryogenic air 
separation unit is usually employed for oxygen separation from air; hence, the molten 
metal reformer investigated in this project provides a simpler and less energy 
intensive means of separating oxygen from air by transfering it from air bubbles into 
molten tin (Castle, 2002; Kerry, 2007; Häring, 2008). The oxygen absorbed by the 
molten tin may exist as dissolved oxygen atoms or tin oxide depending on the 
operating temperature and concentration of dissolved oxygen atoms. Hence, the 
reaction of methane might also be with tin oxide: 
 4 2 22 ( ) ( / ) 2 ( ) 4 ( ) ( )CH g SnO s l CO g H g Sn l     [1.8] 
The Sn(l)-SOFC consists of a conventional solid oxide electrolyte (e.g. yttria stabilised 
zirconia) and cathode (e.g. lanthanum strontium manganite) but a molten tin anode 
for the direct oxidation of carbonaceous fuels (e.g. methane) to electricity. Oxide ions 
from oxygen reduction at the cathode are conducted through the electrolyte to the 
electrolyte | molten tin interface where they are oxidized to oxygen atoms which 
dissolve in the molten tin ([O]Sn). The electrons released pass through an external 
load to the cathode while the dissolved oxygen atoms diffuse to the molten tin | 
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methane bubble interface where they react with methane to form e.g. CO2 and H2O. 
The reactions at the methane-fuelled Sn(l)-SOFC are represented as: 
Cathode (LSM):  
 222 ( ) 8 4O g e O
     [1.9] 
Electrolyte (YSZ):  
 2 24 ( ) 4 ( )O cathode O anode   [1.10] 
YSZ | Molten tin interface:  
 28 4[ ] 4Sne O O
    [1.11] 
Molten tin | Methane bubble Interface: 
   4 2 24 ( ) 2 ( ) ( )SnO CH g H O g CO g    [1.12] 
This methane-fuelled Sn(l)-SOFC is expected to efficiently convert methane (or 
natural gas) directly into electricity without the need for reforming while the CO2 
generated may be easily separated from steam for storage.  
The Sn(l)-SOFC may also be employed primarily for methane reforming as a solid 
oxide membrane analogous of the two-stage molten metal reformer earlier described; 
in this case the oxygen is pumped into the molten tin through the solid electrolyte 
wherein it contacts the methane bubble and partially oxidize it to syngas. The syngas 
produced in both systems may also be used as industrial chemical feedstocks e.g. 
for methanol production. 
Oxygen depleted air
CH4Air (O2, N2)
CO + H2
Stage 1 Stage 2
Molten 
Tin
Oxygenated 
Molten Tin
Molten Tin Reformer  
  22 4 2O g e O
  
Z
rO
2
-Y
2
O
3
E
le
ct
ro
ly
te
O2-
C
a
th
o
d
e
: 
L
a
0
.8
S
r 0
.2
M
n
O
3
Load  
e- e-
CO2 , H2O
CH4
Air
M
o
lt
e
n
 t
in
 a
n
o
d
e
  22 4 2lO e O
  
Molten Tin Anode SOFC  
Figure 1.7: Schematic of a molten tin reformer 
consisting of a first stage of oxygen dissolution 
in molten tin and a second stage of methane 
reaction with dissolved oxygen in molten tin 
Figure 1.8: Schematic of a methane-fuelled Sn(l)-
SOFC  
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1.6. Project Aim and Objectives  
In the molten tin reformer, the dissolution of oxygen in molten tin and its subsequent 
reaction with methane occur periodically while in the methane-fuelled Sn(l)-SOFC, the 
dissolution of oxygen in molten tin and methane oxidation occur simultaneously. 
Hence, this project aimed to study the dissolution of oxygen in molten tin using an 
oxygen-helium blend in a molten tin reformer and the subsequent deoxygenation of 
the molten tin by methane at a bubble | molten tin interface; it also aimed to 
demonstrate this periodic process in a methane-fuelled Sn(l)-SOFC, wherein it occurs 
simultaneously. 
With respect to the conclusions from the literature review, the objectives of this study 
were: 
 To separate oxygen from a 10%O2-He blend by gas bubbling through and 
dissolution in molten tin, define the solubility limit of oxygen in molten tin and 
the Gibbs energy change for the formation of tin oxide in equilibrium with 
oxygen at the solubility limit in the temperature range 973 – 1123 K. 
 To characterize bubbles generated in molten tin by bubble size measurement 
using a pressure pulse technique, incorporating a differential pressure 
transducer, to define the kinetics of oxygen dissolution in molten tin based on 
bubble | molten tin interactions. 
 To define the kinetics of deoxygenation of molten tin by reaction with methane 
at bubble | molten tin interfaces. 
 To demonstrate and characterize a novel design of a methane-fuelled Sn(l)-
SOFC, incorporating a molten tin bath and gas bubbling through the molten 
tin. 
1.7. Structure of Thesis 
This thesis consists of 11 chapters: chapter 1 discusses the motivation for and 
background of this research, and subsequently defines the aim of the project and 
presents the objectives. Chapter 2 presents a review of literatures on hydrogen 
production from methane, direct utilization of methane in SOFCs, interaction of 
oxygen with molten tin, and bubble size and behaviour in a molten metal. 
Chapter 3 discusses the materials, equipments, and methods which include four-
46 
 
point probe resistance measurement, scanning electron microscopy, solid electrolyte 
potentiometry, cyclic voltammetry, electrochemical impedance spectroscopy, 
chronoamperometry and pressure pulse technique (incorporating a differential 
pressure transducer) for bubble size measurement, employed in this project. Chapter 
4 discusses the characterization of LSM-YSZ/LSM double-layered electrode 
employed as SOFC cathode and oxygen sensor reference electrode. Chapter 5 
presents and discusses the dissolution of oxygen in molten tin by bubbling 10%O2-
He through it, defines the solubility limit and the Gibbs energy change for the 
formation of the tin oxide in equilibrium with oxygen at the solubility limit. Chapter 6 
describes the size, shape and behaviour of bubbles generated in molten tin at high 
temperatures, it also compares measured bubble sizes with those predicted by 
correlations reported in the literature. Chapter 7 presents kinetic models for oxygen 
dissolution in molten tin while chapter 8 discusses the experimental validation of the 
models and identifies the rate limiting step in the oxygen dissolution process when 
10%O2-He is bubbled through molten tin. Chapter 9 presents kinetic model for molten 
tin deoxygenation by methane and discusses the experimental validation of the 
models. Chapter 10 discusses the performance of a novel methane-fuelled Sn(l)-
SOFC which incorporates a molten tin bath and gas bubbling while chapter 11 
highlights the conclusions as major contribution to knowledge. 
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2. Literature Review 
The literature review is presented in four sections; a first section on hydrogen 
production from natural gas identifies the main processes for hydrogen production 
from natural gas, their peculiar features, merits and drawbacks, and recent research 
efforts to overcome the challenges including the use of molten metal systems. A 
section on methane utilization in solid oxide fuel cells presents the fundamental 
thermodynamic and kinetic parameters that define the performance of a fuel cell, 
discusses the main components of the SOFC and then the research efforts on the 
direct oxidation of methane in SOFCs especially the search for alternative anodes to 
Ni-YSZ, including the use of molten metal anodes. Oxygen interaction with tin and 
gas bubbling are main features of the molten tin reformer and methane-fuelled Sn(l)-
SOFC considered in this study, so the interaction of oxygen with molten tin as well as 
the size and behaviour of bubbles are discussed.  
2.1. Hydrogen Production from Natural Gas 
Methane is the main component of natural gas; even though it usually contains small 
amounts of higher hydrocarbons e.g. ethane, propane, butane, and pentane (Wang & 
Economides, 2013), most studies on the use of natural gas focus on methane. 
The conversion of methane to carbon monoxide and hydrogen is one of the reactions 
of methane that has been widely studied, because syngas is used as feed in Fischer-
Tropsch synthesis of higher hydrocarbons (Van der Laan & Beenackers, 1999), 
methanol or dimethyl ether (DME) synthesis (Lunsford, 2000), high temperature fuel 
cells (Song, 2002) and production of other high value chemicals. It also yields 
hydrogen for various uses, including ammonia production by the Haber process, 
petroleum processing, petrochemical production, oil and fat hydrogenation, and as a 
fuel in fuel cells and aerospace industry (Ramachandran & Menon, 1998; Van der 
Laan & Beenackers, 1999; Holladay et al, 2009). 
Syngas and consequently hydrogen production from methane may be achieved 
through steam reforming, partial oxidation, dry reforming and autothermal reforming 
(Wang Lu & Millar, 1996; Lunsford, 2000; Cheekatamarla & Finnerty, 2006; Abbas & 
Daud, 2010). In addition to partial oxidation, steam, dry, and autothermal reforming of 
methane, hydrogen may also be produced by methane pyrolysis, chemical-looping 
reforming, and molten metal systems. 
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2.1.1. Steam Reforming of Methane 
Steam reforming of methnane involves the reaction of steam with methane to yield 
syngas: 
 4 2 2( ) ( ) ( ) 3 ( )CH g H O g CO g H g        
0 -1
298 206 kJ molT KH    [2.1]  
About 96% of hydrogen produced globally is from fossil fuels while about 48% of it 
comes from the steam reforming of natural gas (Abánades, Rubbia & Salmieri, 
2013). The thermal efficiency of ca. 85% based on the higher heating value has been 
achieved for steam reforming of methane (Holladay et al., 2009) 
Steam reforming of methane is highly endothermic and so an external source of heat 
is required; it takes place over nickel catalyst at temperatures in the range 800 – 
1000 oC, is equilibrium limited and emits high quantity of CO2 which require capture 
and storage (Steinberg, 1999). The nickel catalyst also catalyses carbon formation 
which increase the pressure drop, crush catalyst pellets, block active nickel surface, 
lower heat transfer and subsequently lead to reactor plugging and catalyst 
deactivation  (York, Xiao & Green, 2003; Sehested, 2006). The use of excess steam 
may suppress carbon formation but it leads to an increase in the H2/CO and /or 
CO2/CO ratios which may be undesirable for processes requiring low ratios (York, 
Xiao & Green, 2003). The nickel catalyst might sinter during reactor operation and 
also be poisoned by sulphur-containing compounds in the process feed leading to 
catalyst deactivation (Sehested, 2006). 
2.1.2. Partial Oxidation of Methane 
In partial oxidation, oxygen or air is employed as the oxidant in the conversion of the 
hydrocarbon to synthesis gas according to the reaction: 
 4 2 22 ( ) ( ) 2 ( ) 4 ( )CH g O g CO g H g       
0 -1
298 35.9 kJ molT KH     [2.2] 
The partial oxidation of methane is mildly exothermic and so does not require an 
external source of heat compared to steam reforming which is highly endothermic; 
the heat required is provided by the partial combuston of the fuel and the process 
occurs at high temperatures in the range 1250 – 1400 oC (IPCC, 2005). Unlike steam 
reforming, partial oxidation does not require large amounts of expensive superheated 
steam, the product gases can be low in CO2 content while the H2/CO ratio produced 
in stoichiometric partial oxidation is ca. 2 which is ideal for downstream processes 
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(especially methanol synthesis) with the avoidance of the requirement for the 
removal of valuable hydrogen (York, Xiao & Green, 2003). 
However, in cases where nitrogen dilution is to be avoided; complex, high energy 
intensive and expensive oxygen separation unit are needed to produce pure oxygen 
which is used as reactor feed instead of air. The thermal efficiency is ca. 60-75% 
based on the higher heating values and is lower than that of steam reforming. 
2.1.3. Dry Reforming of Methane 
Dry reforming involves the reaction of CO2 with methane to yield syngas: 
 4 2 2( ) ( ) 2 ( ) 2 ( )CH g CO g CO g H g       
0 -1
298 247.1  kJ molT KH    [2.3] 
This process has the inherent benefit of the use of CO2 which is a greenhouse gas as 
a feedstock. Similar to steam reforming, dry reforming is a highly endothermic and 
energy-intensive process. It also has a low H2/CO ratio and carbon deposition can 
easily occur in the process (York, Xiao & Green, 2003). 
2.1.4. Water Gas Shift Reaction 
The carbon monoxide present in the syngas is reacted with steam in a water gas shift 
reactor to produce carbon dioxide and more hydrogen: 
 2 2 2( ) ( ) ( ) ( )CO g H O g CO g H g       
0 -1
298 41 kJ molT KH      [2.4] 
The CO2 is then separated from hydrogen by solvent absorption and stripping or 
adsorption over a solid adsorbent and stripping. 
2.1.5. Autothermal Reforming 
Autothermal reforming is a combination of partial oxidation and steam reforming; in 
this case both air/O2 and steam react with the hydrocarbon during the reforming 
process. As mentioned previously, steam reforming is endothermic while partial 
oxidation is moderately exothermic, so the partial oxidation provides the heat while 
steam reforming increases the hydrogen production resulting in a thermally neutral 
process which does not require an external heat source (Holladay et al., 2009). 
Depending on the process design, the operating temperature of an autothermal 
reforming process is typically in the range 950 – 1050 oC and its thermal efficiency of 
60 – 75% is comparable to that of the partial oxidation (IPCC, 2005; Holladay et al., 
2009). However, in the operation of the autothermal reforming process, both the 
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oxygen to fuel ratio and the steam to carbon ratio must be properly controlled at all 
times in order to control the reaction temperature and product gas composition while 
preventing coke formation (Holladay et al., 2009).  
2.1.6. Methane Pyrolysis  
At high temperatures, methane decomposes to carbon and hydrogen:  
 4 2( ) ( ) 2 ( )CH g C s H g   
0 -1
298 75.6 kJ molT KH    [2.5] 
This process which is known as methane pyrolysis or cracking or decomposition is 
presently the object of several researches because it yields CO2-free hydrogen which 
could be used directly for my applications including power generation (Steinberg, 
1999; Poirier & Sapundzhiev, 1997; Muradov, 1993; Muradov, 1998; Choudhary, 
Aksoylu & Goodman, 2003; Amin, Croiset & Epling, 2011; Abbas & Daud, 2010; 
Abánades, Rubbia & Salmieri, 2012; Abánades, Rubbia & Salmieri, 2013). 
Methane is stable because the C-H bonds are strong (435 kJ mol-1) and it contains 
no functional group, magnetic moment or polar distribution to facilitate chemical 
attacks; its activation via the breaking of C-H bonds requires high temperatures 
and/or oxidants and/or catalysts (Lin & Sen, 1992; Choudhary, Aksoylu & Goodman, 
2003; Holmen, 2009; Wencel-Delord et al, 2011; Schwarz, 2011). Hence, non-
catalytic thermal decomposition of methane requires high temperatures >1200 oC to 
obtain a reasonable yield of hydrogen (Abbas & Daud, 2010; Bagolini, Gala & Zollo, 
2012). Metal-based catalysts, including Co, Ru, Ni, Rh, Pt, Re, Ir, Pd, W, Fe, Mo and 
carbon-based catalysts, are being investigated for methane decomposition in order to 
reduce the temperature required for a practical yield to 500 – 1050 oC depending on 
the catalyst used (Poirier & Sapundzhiev, 1997; Aiello et al, 2000; Monnerat, Kiwi-
Minsker & Renken, 2001; Muradov, 2001; Shah, Panjala & Huffman, 2001; Ju, Li & 
Wei, 2005; Bai et al, 2006; Sun et al, 2007; Prasad et al, 2010; Abbas & Daud, 2010; 
Amin, Croiset & Epling, 2011). The process is endothermic so heat is required from 
an external source.  
2.1.7. Chemical-looping Reforming 
Fan (2011) has described chemical looping as a reaction scheme in which a given 
reaction can be decomposed into multiple subreactions using chemical intermediates 
that are reacted and regenerated through the progress of the subreactions. 
51 
 
Chemical–looping processes which include chemical-looping combustion and 
chemical-looping reforming are currently receiving immense research efforts; these 
processes usually involve the use of a solid oxygen-carrier to transfer oxygen from air 
to a fuel while avoiding direct contact between the air and fuel. Both processes 
involve two steps which may take place periodically in two different reactors; in the 
first step of chemical looping combustion, the fuel (e.g. methane) is oxidized to 
carbon dioxide and steam by a metal oxide while the metal oxide is reduced to the 
metal or a reduced form of it. In the second step the metal or its reduced form is 
oxidized with air to obtain the metal oxide and complete the cycle. The overall 
reaction over the two steps is equivalent to the conventional combustion reaction. 
Hence, chemical-looping combustion is considered a combustion technology with 
inherent CO2 separation for power plants and industrial applications, since the CO2 
produced can be easily separated from water and stored. Both gaseous and solid 
(e.g. coal and biomass) fuels may be employed in chemical looping combustion.   
The first step of chemical looping reforming involves the reaction of a hydrocarbon 
(e.g. methane) with a solid metal oxide; the fuel is partially oxided to syngas while the 
metal oxide is reduced to the metal or a reduced form of it. Similar to the chemical 
looping combustion, the metal or its reduced form is subsequently reoxidized by air in 
the second step of the periodic process. The syngas generated from the process 
may be processed futher in a water gas shift reactor to produce hydrogen.  
Fan and Li (2010) have discussed chemical looping oxygen-carrier particle selection, 
reaction thermodynamics, reactor design, and process configuration. Adanez et al. 
(2012) also recently reported the main advances in chemical-looping combustion and 
reforming technologies; they discussed issues regarding the use of gaseous and 
solids fuels, oxygen carrier development, and modelling of chemical looping 
processes. Oxygen-carriers being considered for chemical looping combustion 
include: nickel, copper, manganese, iron-based oxygen-carriers as well as mixed 
oxides and perovskites. Adanez et al. (2012) also discussed two types of chemical 
looping reforming; steam reforming integrated with chemical looping combustion and 
auto-thermal chemical-looping reforming. Steam reforming integrated with chemical 
looping combustion is a process in which the heat required for the conventional 
endothermic steam reforming reaction is provided by chemical looping combustion 
while auto-thermal chemical looping reforming employs the same basic principle of 
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chemical looping combustion but the difference is that the desired products are 
hydrogen and carbon monoxide instead of heat.  
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Figure 2.1: Schematic of chemical looping 
combustion 
Figure 2.2: Schematic of chemical looping 
reforming 
Ni-based oxygen-carriers which may be supported on e.g. Al2O3, SiO2 are the 
preferred metal oxides for chemical looping reforming, other oxygen carriers 
investigated for chemical looping reforming include copper, iron, manganese, 
magnesium, and ceria-base carriers (Anadez et al., 2012; Thursfield et al., 2012). 
Chemical looping reforming offers the benefit of converting methane to syngas via an 
exothermic process in contrast to the conventional steam reforming which is 
endothermic, it also avoids the requirement for expensive and energy intensive 
cryogenic process for oxygen production from air but the process may need to be 
pressurised to reduce the penalty for hydrogen compression (Beavis, 2011). Also, 
the successful operation of chemical looping processes strongly depends on the 
effective performance of the oxygen carrier particles (Anadez et al., 2012) while 
nickel based oxygen-carriers are proned to poisioning by sulphur (García-Labiano, 
2009; Tian, 2009). It has been proposed to employ two interconnected moving or 
fluidized-bed reactors, or alternated packed or fluidized-bed reactors or a rotating 
reactor for these chemical looping processes which would require good contact 
between the gas and solids in addition to the flow of solids between the air–reactor 
and fuel-reactor (Anadez et al., 2012).  
2.1.8. Molten Metal Systems for Hydrogen Generation from Methane  
Berman and Epstein (2000) investigated the production of hydrogen by the oxidation 
of liquid zinc with water vapour, using a thermochemical cycle where the zinc oxide 
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was reduced and the metal reoxidized with water. They focused on the kinetics of the 
oxidation of bulk molten zinc at 450-500 oC with water vapour bubbled through the 
molten metal. The zinc oxide was reduced with carbon to the metal by a solar 
carboreduction process which employs solar energy at high temperatures in the 
range 1100 – 1300 oC. A major issue with liquid zinc system is the high vapour 
pressure of zinc which makes it unsuitable for high temperature operation due to 
metal loss as a result of its high volatility. 
Wang, Li and Zhou (2008), investigated the production of hydrogen by the direct 
decomposition of hydrocarbons over molten magnesium; their aim was the cracking 
of methane according to equation (2.5) to obtain CO2-free hydrogen and carbon 
powder using molten magnesium as a catalyst. About 25% methane conversion was 
achieved at 700 oC compared to the expected equilibrium conversion of 84.1% while 
loss of catalyst activity due to evaporation of magnesium was observed. 
Serban et al. (2003) also studied the direct contact pyrolysis of methane to hydrogen 
and carbon in various media including molten tin; they obtained a conversion of ca. 5 
% for research grade methane bubbled through ca. 100 mm depth of molten tin at 
750 oC with a 6.35 mm outer diameter feed tube. They also showed that methane 
conversion increased with increasing contact time (depth of molten tin) and bubble 
size by varying the depth of molten tin and diameter of the feed tube respectively.  
In cases such as reported by Serban et al. (2003) and Wang, Li & Zhou (2008), in 
which a molten metal system was employed to crack methane into elemental carbon 
and hydrogen, carbon may be easily separated by buoyancy from the liquid metal. 
However, the chemical energy of the oxidation of carbon to CO2 was not released 
and heat must be supplied to the endothermic reaction (IPCC, 2005).  Also, Serban 
et al. (2003) did not consider the possibility of dissolving oxygen in molten tin for the 
partial oxidation of methane or the carbon products from the pyrolysis process. 
Eatwell-Hall, Sharifi and Swithenbank (2010) have employed a liquid metal bath in a 
two-stage process for the gasification of carbon. In the first stage superheated steam 
was injected into the molten metal, the metal oxide was formed while hydrogen was 
released. In the second stage, carbon was injected into the metal bath which reduced 
the oxide and was oxidized tocarbon monoxide and carbon dioxide. They used a 
molten iron-tin alloy at 1250 oC; the focus of their study was on the production of 
clean hydrogen gas by the injection of steam into the molten alloy, issues of bubble 
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behaviour in the molten alloy at the high operating temperature and kinetics of 
oxidation of the molten alloy were not considered. They reported that only FeO but 
no tin oxides were formed during the process. It appears that oxygen separation from 
air by absorption in molten tin as well as the partial oxidation of methane by dissolved 
oxygen in molten tin has not been investigated. 
2.2. Methane Utilization in Solid Oxide Fuel Cells 
In this section, the thermodynamics, kinetics and performance of a fuel cell are briefly 
explained followed by a brief overview of the state of the art of solid oxide fuel cells 
and a review on the utilization of methane in a solid oxide fuel cell. 
2.2.1. Thermodynamics, Kinetics and Performance of Fuel Cells  
Electrochemical energy conversion devices such as fuel cells convert the chemical 
energy in fuels directly to electrical energy. In this system, a potential difference 
which depends on the electrochemical reactions of the cell drives a current through 
an external resistance or load. The thermodynamics of the reactions that occur in 
these systems set the maximum limit of their performance while the kinetics 
determines the actual performance (Chen, 2003). Hence, the actual performance of a 
fuel cell is determined by the cell design and operating variables which affect the 
equilibrium cell potential difference and the extent of voltage losses (EG&G Technical 
Services Inc, 2004).   
2.2.1.1 Thermodynamics 
The maximum or ideal performance of a fuel cell is defined as the ideal or equilibrium 
cell voltage (or potential difference), and depends on the electrochemical reactions 
which occur in the cell (Chen, 2003; EG&G Technical Services Inc, 2004): 
Thermodynamics establishes this ideal performance; the maximum electrical work 
(We) performed by a fuel cell that is operating at constant temperature and pressure 
is: 
 e eW G F E      [2.6]  
where ∆G is the change in Gibbs free energy, ∆E is the equilibrium cell potential 
difference, νe is the number of electrons involved in the reaction, F is the Faraday 
constant, ∆H is the reaction enthalpy change, ∆S is the reaction entropy change and 
T is the absolute temperature. Hence the equilibrium cell potential difference of a fuel 
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cell which is the difference between the equilibrium electrode potential of the cathode 
and anode is defined as: 
 
e
G
E
F

   [2.7] 
The effects of reactant and product concentrations and/or pressures on this potential 
are described by the Nernst equation: 
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 [2.8] 
Where 0E is the standard ideal potential difference at temperature T, ‘a’ is the 
activity, while νί is the stoichiometric coefficient of the reactant or product. This 
potential difference is referred to as the Nernst potential or open circuit potential 
difference or electromotive force (EMF) of the cell. It sets the maximum performance 
(voltage) that a fuel cell can achieve. The thermodynamic efficiency (Φth) of a fuel cell 
is described by the Gibbs energy change and the enthalpy change of the fuel cell 
reaction rather than the Carnot efficiency (ΦCarnot) so it is not limited by a maximum 
temperature like the heat engines: 
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Where TH is the maximum temperature and TL is the rejection temperature of the 
heat engine. 
2.2.1.2 Kinetics 
Electrochemical reactions result in charge transfer, for a charge transfer reaction: 
  
cathodic reduction
anodic oxidation
O e RO e R  
   [2.11] 
where ‘O’ and ‘R’, are the oxidised and reduced forms respectively of a chemical 
species, and ‘ ’ is the stoichiometric coefficient. The current (I) generated is a 
measure of the rate (r) of the reaction described by Faraday’s law: 
  -1mol s
e
dN I
r
dt F
   [2.12] 
The total amount of electricity generated which is defined by the amount of 
(theoretical) charge (Q) is proportional to the number of moles (N) of the oxidised (O) 
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or reduced (R) substance and is obtained by integrating equation 2.12: 
 
0
t
e t thN F I dt Q     [2.13] 
The current produced by these reactions is directly proportional to the area of the 
interfaces at which they occur, thus a current density (j) which is the current per unit 
cross sectional area (A) can be used to define the rate of the reaction on a per unit 
area basis: 
  -2 -1mol m s
e e
I j
r
FA F 
   [2.14]  
The rates of electrochemical reactions are limited by an activation energy barrier and 
part of the equilibrium potential difference of a fuel cell is lost to overcome this 
barrier. This voltage lost is referred to as the activation overpotential (ηact) and its 
relationship with the current density is described by the Butler-Volmer equation 
(O’Hayre et al, 2006): 
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 [2.15]   
where ηact is the activation overpotential, nί is the number of electrons transferred in 
the electrochemical reaction, jo is the exchange current density, and α is the transfer 
coefficient. The transfer coefficient has a theoretical value which varies between zero 
and one depending on the symmetry of the transition state in the electrochemical 
reaction and has been determined experimentally to be 0.5 (Chen, 2003). The 
exchange current density is a measure of the rate of the reaction under dynamic 
equilibrium; it is the maximum current density that could be achieved at negligible 
activation overpotential and increasing its value is critical to improving fuel cell 
performance. The value of jo can be increased by increasing the cell temperature, 
using more effective catalyst, increasing the roughness of the electrodes, and by 
increasing the reactant concentration and pressure (Larminie and Dicks, 2000). The 
Tafel equation gives an explicit representation of the activation overpotential: 
 ln lnact o
RT RT
j j
nF nF

 

   [2.16] 
 This equation is usually used to calculate the exchange current density and transfer 
coefficient using the plot of ηact versus ln j (the Tafel plot). 
The resistance to the transport of reactants to and products from the electrodes 
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affect the Nernst equilibrium potential as well as the reaction rate (it increases the 
activation loss) resulting in a voltage loss which is referred to as the concentration or 
mass transfer overpotential. This overpotential is very significant at high current 
densities. The total concentration loss (ηconc) can be generalized as (O’Hayre et al, 
2006): 
 11 ln Lconc
L
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
 
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 [2.17] 
where jL is the limiting current density that causes the reactant concentration to fall to 
zero.  
2.2.1.3 Reactor Performance 
A voltage loss is also incurred due to the resistance to ionic and electronic charge 
transport in the system. This loss obeys Ohm’s law so it is called ohmic potential drop 
or loss (  ) and defined as: 
 i i
i
j d     [2.18] 
where σί is the conductivity, dί is the current path length, and ί is a system phase (or 
component such as anode, cathode, electrolyte or interconnect of a fuel cell). 
When current is drawn from a fuel cell, the operating potential difference is less than 
the equilibrium value due to the activation, concentration and ohmic losses. Hence, 
the actual performance of the fuel cell is defined by the operating cell voltage (U): 
  cathode anode cathode anodeU E E         [2.19] 
where cathodeE  and anodeE  are the potential differences, while cathode  and anode are the 
sum of the activation and concentration overpotentials at the cathode and anode 
respectively. Hence lowering the overpotentials and ohmic losses is essential to the 
performance of a fuel cell. The area specific power density (Pe) of a fuel cell is given 
by the product of the operating cell voltage and the current density: 
 .eP jU  [2.20] 
A high power output would require high operating potential difference and current 
density, so the cell design and operating variables which affect the equilibrium cell 
voltage and kinetics of the fuel cell must be optimized to achieve a high power 
output. In an operating fuel cell, the actual efficiency is also less than the 
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thermodynamic efficiency because of the fuel utilization and voltage losses. 
Therefore the voltage efficiency (which accounts for the losses in potential) and the 
fuel utilization (which accounts for the difference in the rate of fuel supply, rfuel) and 
utilization in the fuel cell) are included in the expression for the actual efficiency: 
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 [2.21] 
2.2.2. Solid Oxide Fuel Cells 
The solid oxide fuel cell is an oxide ion conducting fuel cell which consists of porous 
oxygen reducing cathode, a dense oxide ion conducting solid oxide electrolyte and a 
porous fuel oxidizing anode. 
2.2.2.1 SOFC Electrolyte  
The solid oxide fuel cell electrolyte must be dense and leak-tight, possess good ionic 
conductivity at the operating temperature, thin to reduce ionic resistance, extended in 
area to maximise the current capacity, resistance to thermal shocks and must be 
economically processable (Singhal and Kendall, 2003). It must also have: low 
electronic conductivity, good thermal and chemical stability in relation to the reactant 
environment and the contacting electrode materials, closely matched thermal 
expansion coefficient between the electrodes and contacting components, good 
mechanical properties and should be environmentally benign (Jacobson, 2009; Brett 
et al., 2008).  
Three electrolyte systems have been widely studied for the solid oxide fuel cell, these 
are; yttria stabilised zirconia (YSZ), gadolinium-doped ceria (CGO) or samarium- 
doped ceria (CSO), and strontium, magnesium-doped lanthanum gallate- LSGM -
(Jacobson, 2009). The most widely used electrolyte for solid oxide fuel cell is yttria 
stabilised zirconia (YSZ) – (ZrO2)0.92(Y2O3)0.08 because of its desirable properties 
such as good ion conductivity, stability in both oxidising and reducing environment, 
abundance, relatively low cost, easiness to fabricate and chemical stability with other 
cell components (Ormerod, 2003).  
The problem with YSZ is that it reacts with perovskite oxide electrodes containing 
lanthanum at high temperature forming La2Zr2O7 resistive layers (Jacobson, 2009), in 
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addition to this, it operates at high temperature which places stringent demands on 
the materials used as interconnects, for manifolding and sealing, so much that there 
is the need for the use of expensive ceramic materials and specialist metal alloys 
(Ormerod, 2003). Scandia-doped zirconia (ScSZ) is been investigated as an 
alternative to YSZ; it has a conductivity that is roughly three times that of YSZ and 
better mechanical properties but scandium is rare and expensive (Gorte, 2005).  
LSGM has higher conductivity than YSZ, (but slightly less than that of CGO at 500oC) 
and is more compatible with lanthanum transition-metal oxide perovskite cathodes 
but on the anode-electrolyte side, composite LSGM-NiO anodes are less compatible 
with LSGM because of the reactivity of NiO, than the corresponding composite Ni-
YSZ anodes with YSZ (Jacobson, 2009).  
Doped Ceria has the highest conductivity at lower temperature and considered to be 
a good potential electrolyte for intermediate temperature solid oxide fuel cells 
(Ormerod, 2003; Steele, 2000). The problem with gadolinia-doped ceria which 
researchers are making effort to solve is that of reduction of ceria at elevated 
temperatures in a reducing environment (Ormerod, 2003). Some other good oxide 
ion conducting electrolyte materials have been reported (Kendrick, Islam & Slater, 
2007; Sansom et al., 2006; Yoshioka and Tanase, 2005) as well as proton 
conducting electrolytes (Iwahara et al., 1988; Lefebvre-Joud, Gauthier & Mougin, 
2009).  
2.2.2.2 SOFC Cathode 
The function of the cathode is to catalyse the reduction of molecular oxygen, 
transport charged species to the electrolyte and distribute the electrical current 
associated with the oxygen reduction reaction (Brett et al, 2008). The solid oxide fuel 
cell cathode should have the following desirable properties; it must be a good 
electronic conductor, it must not be reactive towards the other cell components, it 
must be porous to allow the diffusion of gases to the triple phase boundary, it must 
have high catalytic conductivity for oxygen reduction, it must also have a thermal 
expansion coefficient that matches those of other cell components (Yokokawa and 
Horita, 2003; McIntosh and Gorte, 2004).  
Owing to the highly oxidising cathodic environment the use of base metals is not 
possible while noble metals are precluded for economic reasons so electronically 
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conducting oxides are usually used (Singhal and Kendall, 2003). Strontium-doped 
lanthanum manganite (LSM) – La1-xSrxMnO3 is the most commonly used material for 
zirconia based solid oxide fuel cell which operates at high temperatures because it 
has a close thermal expansion match with YSZ electrolyte, chemical stability in 
oxidizing environment, and has sufficient electrical conductivity at the high operating 
temperature (Autunes et al., 2010; Ormerod, 2003). However, it is not suitable for 
use at lower temperature because the cathodic polarization is high at lower operating 
temperatures (Doshi et al., 1999; Jacobson, 2009). LSM also reacts with zirconia at 
temperatures above 1200 oC with the formation of lanthanum zirconate (La2ZrO7) 
and strontium zirconate (SrZrO3) at higher strontium levels, thus the sintering 
temperature is limited to below 1300 oC (Jacobson, 2009; Ormerod, 2003; Yang, Wei 
& Roosen 2004). 
Two cathode layers are usually used; the first layer is a mixture of LSM and YSZ 
(LSM-YSZ composite) while the second is LSM only. The first layer improves the 
thermal match of the cathode with the zirconia electrolyte, the porosity and resistance 
to sintering in addition to possessing the required electronic conductivity. The second 
layer is the current collection layer (Jacobson, 2009; Ormerod, 2003; Yang and Wei, 
2004).  
Doped lanthanum cobaltite is another cathode material that has been widely 
investigated; it gives a good performance when strontium and iron are substituted on 
the lanthanum and cobalt sites respectively - La1-xSrxCo1-yFeyO3 (LSCF). This 
material has good oxygen reduction kinetics, fast ion transport, lower thermal 
expansion coefficient and acceptable electronic conduction, and it is the most 
commonly used cathode in intermediate temperature solid oxide fuel cells, with 
gadolinia-doped ceria or lanthanum gallate electrolytes (Brett et al., 2008; Ormerod, 
2003). Several composite cathodes are also being developed with improved 
performance for intermediate temperature solid oxide fuel cells (Doshi et al., 1999). 
2.2.2.3 SOFC Anode 
The anode is the electrode at which oxidation of fuel by the oxide ions occurs and 
where electrons and reaction products are released. It must possess the electronic 
conductivity necessary to convey electrons from the three phase boundary out into 
the external circuit, ionic conductivity such that it is able to spread the oxide ions 
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across broader region of anode/electrolyte interface, as well as the catalytic activity 
required for the kinetics of the fuel oxidation (McEvoy, 2003). The anode material 
must be unreactive to other component materials and its thermal expansion 
coefficient must match theirs as well to give stable interfaces (Jacobson, 2009). The 
anode must have a porous structure which must be stable under operating conditions 
with respect to both porosity and surface area (Ormerod, 2003; Jacobson, 2009).  
A cermet which is a composite of ceramic (the solid electrolyte material) and metal is 
usually used in most anodes; this allows the conduction of electrons through the 
structure and also optimises the amount of active three phase boundary (Brett et al., 
2008). The cermet preserves the porosity of the anode by preventing sintering of the 
metal particles during operation and also enables the anode to possess a thermal 
expansion coefficient compatible with the solid electrolyte (Ormerod, 2003). The 
conductivity of the anode depends on its microstructure, especially the size and 
particle size distribution of the metal and electrolyte particles, and the conductivity of 
the metal particles in the cermet (Ormerod, 2003).  
Nickel is the metal used in most solid oxide fuel cell because it is cheap, has 
excellent mechanical and electrical properties, and also a good steam-reforming 
catalyst, even though cobalt and the noble metals could also be used, while the most 
commonly used cermet material is Ni-YSZ (Brett et al., 2008; Ormerod, 2003; 
McIntosh and Gorte, 2004). Unfortunately nickel usually catalyzes the formation of 
graphitic carbon (coking) at low H2O/C ratios when SOFC is operated with methane 
fuel (McIntosh and Gorte, 2004), it is unstable in oxidising environment at high 
temperatures (Stevenson et al., 2005), and liable to sulphur poisoning (Gorte and 
Vohs, 2009). Sintering of the particles may also occur over time at high operating 
temperatures with the rate of sintering increasing with increasing nickel content and 
increasing steam content in the fuel feed (Ormerod, 2003).  
2.2.3. Methane-fuelled Solid Oxide Fuel Cells 
Hydrocarbons are desirable fuels for fuel cell applications (Mogensen and Kammer, 
2003) because their use obviates the need for hydrogen production and storage, and 
the associated problems and cost since hydrogen is mainly produced from 
hydrocarbons (Armor, 1999; McIntosh and Gorte, 2004). As shown in Figure 2.3, the 
direct oxidation of methane has a thermodynamic advantage over the oxidation of 
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hydrogen at high temperatures; the standard equilibrium potentials of hydrogen 
oxidation are much lower at high temperatures compared to those of methane and so 
the thermodynamic as well as actual efficiency of a fuel cell utilizing methane can be 
higher than one that operates on hydrogen as shown on Table 2.1(Cooper, 2003). 
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Figure 2.3: Temperature dependence of the standard potential 
difference for the electrochemical oxidation of H2, C, CH4, and CO fuels 
Table 2.1: Efficiency of Some Fuel Cells (Cooper, 2003) 
Fuel 
Theoretical 
Efficiency 
Utilization 
Efficiency 
Voltage 
Efficiency 
Actual 
Efficiency 
Carbon 1.003 1.0 0.80 0.80 
Methane 0.895 0.80 0.80 0.57 
Hydrogen 0.70 0.80 0.80 0.45 
 
The data for the computation of the Gibbs energy changes for these reactions were 
obtained from Chase (1998) and McBride, Gordon & Reno (1993). These data are 
presented in the appendix. 
2.2.3.1 Utilization of Methane in SOFCs with the addition of Oxidant 
In order to use hydrocarbons in SOFCs, the hydrocarbons are usually converted to 
synthesis gas via the process of reforming and afterwards electrochemically oxidised 
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at the anode to carbon dioxide and water. The process of reforming involves the 
addition of an oxidant to the hydrocarbon which could be oxygen (or air), steam, or 
carbon dioxide. Efforts are also being made to use hydrocarbons directly in SOFC 
without the addition of oxidants. The reforming could be internal to the SOFC or 
external; as shown in Figure 2.4, external reforming involves the conversion of the 
hydrocarbon to synthesis gas outside the fuel cell using suitable catalyst in a 
reformer while internal reforming takes place inside the fuel cell. Owing to the high 
temperature operation of the solid oxide fuel cells, they can internally reform 
hydrocarbons to H2 and CO (Mogensen and Kammer, 2003) which are then oxidised 
electrochemically at the anode.  This increases the efficiency of the cell because the 
heat of reaction needed for the endothermic reforming reaction is provided by the cell 
(Kishimoto et al., 2007).  The avoidance of an external reformer also simplifies the 
system and reduces cost (Ingram and Linic, 2009).  Internal reforming could either be 
direct or indirect; direct internal reforming shown in Figure 2.5 is carried out at the 
anode of the SOFC using the catalyst of the anode such as nickel in a Ni/YSZ anode 
while the indirect reforming shown in Figure 2.6 is carried out within the SOFC stack 
but with a catalyst different from the anode catalyst. Indirect internal reforming is 
easier to control than the direct internal reforming and more dispersed catalyst which 
do not catalyse carbon deposition unlike nickel can be developed and used 
(Ormerod, 2003). The indirect internal reforming is less efficient than the direct 
internal reforming but is simpler, more efficient and less costly than external 
reforming (Cimenti and Hill, 2009; Ormerod, 2003).  
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Figure 2.4: Schematic of an external reformer 
coupled to an SOFC for the supply of syngas to 
the SOFC anode 
Figure 2.5: Schematic of direct internal reforming 
of hydrocarbon to syngas at the SOFC anode 
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Figure 2.6: Schematic of indirect internal 
reforming of hydrocarbon to syngas  
Figure 2.7: Schematic of direct utilization of 
hydrocarbon in an SOFC without the addition of 
oxidants  
Problems associated with direct internal reforming are sintering of the anode particles 
which results in a reduction in the catalytic activity of the anode and loss of cell 
performance, carbon deposition which leads to rapid deactivation of the cell, and 
generation of a steep temperature gradient along the length of the anode which can 
cause the cracking of the anode and electrolyte materials (Ormerod, 2003). Also, 
steam addition to hydrocarbon fuels is not desirable in fuel cell operation because the 
added steam is a diluent that reduces the fuel concentration at the anode and the 
electrical potential according to the Nernst equation through the addition of oxygen 
atoms to the anode side of the cell (Gorte, Kim & Vohs, 2002). Besides, only 
methane can be internally reformed in a fuel cell, steam reforming of larger 
hydrocarbons will require nonconventional reforming catalyst and much higher steam 
to carbon ratios for stability (Wang and Gorte, 2002). The addition of large amount of 
water with the fuel would also introduce serious complexity to the system (McIntosh 
and Gorte, 2004). 
2.2.3.2 Utilization of Methane in SOFCs without the addition of Oxidant 
Recent interest is in the direct electrochemical oxidation of hydrocarbons in solid 
oxide fuel cells without the need for reforming (McIntosh and Gorte, 2004; Park, Vohs 
& Gorte, 2000; Murray, Tsai, & Barnett, 1999).  
This is desirable because it would greatly simplify the SOFC system, increase the 
efficiency and reduce cost (Costa-Nunes, Vohs & Gorte, 2003; Gorte and Vohs, 
2003). The major obstacles to the direct utilization of hydrocarbons in the solid oxide 
fuel cell without the addition of oxidant (a process schematically depicted in Figure 
2.7) are those of: carbon formation on nickel anode which block anode surface, 
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induce considerable pressure on cell assembly, and cause mechanical failure; anode 
poisoning due to the sulphur present in most fuels reacting with nickel; sintering of 
nickel in Ni-YSZ anode; and instability due to redox cycling of nickel anode which 
could lead to mechanical failure of the cell (Gorte, Kim & Vohs, 2002; Ormerod, 
2003; Zhou et al., 2004; Sarantaridis & Atkinson, 2007; Sarantaridis, Rudkin & 
Atkinson, 2008; Sarantaridis, Chater & Atkinson, 2008; Offer et al., 2009; Nikolla, 
Schwank & Linic, 2009). Sulphur concentration as low as 1 ppm can cause 
considerable degradation to the performance of a nickel anode (Matsuzaki & Yasuda, 
2000; Kurokawa et al., 2007).  
Much research efforts are being focused on the development of alternative anodes to 
the Ni-YSZ for desirable properties such as; suitability for intermediate temperature 
operation, greater sulphur tolerance, greater resistance to sintering, ability to use 
hydrocarbon fuels directly without carbon deposition, and suitability for solid fuel 
handling.  
Ceria has been added as another catalytic layer to Ni-YSZ anode, because it is less 
susceptible to sulphur poisoning (Kurokawa et al., 2007). Ni in anode has been 
replaced with a much less catalytically active metal like copper (Cu), or metal alloys 
that do not catalyse the formation of carbon from dry hydrocarbons (Nikolla et al., 
(2006). Ceria, which is also an excellent oxidation catalyst for hydrocarbon has been 
mixed with Cu and used in place of Ni in the anode (Park et al., 1999). Anodes 
consisting of mixtures of Cu, Ceria (CeO2), and YSZ have also been demonstrated 
for direct use of varieties of hydrocarbon fuels (Park, Vohs & Gorte, 2000; Park, 
Gorte & Vohs, 2000).  
Ceramics which are electrically conducting oxides have also been investigated for 
use as SOFC anodes. These oxides are able to avoid the problems associated with 
the use of Ni-YSZ such as carbon formation, oxidation of Ni to nickel oxide, and 
sulphur poisoning; they can also be used for direct oxidation of hydrocarbons 
(Ormerod, 2003).   
2.2.3.2.1 Ceria-Ni-YSZ 
Kurokawa et al., (2007) have demonstrated the possibility of making the Ni-YSZ 
anode more sulphur tolerant by adding catalytic material which is more sulphur 
tolerant than nickel; they successfully operated a ceria-infiltrated Ni-YSZ anode under 
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the applied current density of 0.4 A cm-2, and power density of 220-240 mW cm-2 at 
973 K with humidified hydrogen fuel containing 40 ppm H2S for 500 hours while a 
conventional Ni-YSZ anode operating on the same sulphur-containing fuel failed after 
ca. 13 minutes with the power density dropping to 0 mW cm-2. It was thought that the 
addition of ceria to the anode prevented the formation of nickel sulphide thereby 
increasing the sulphur tolerance of the Ni-YSZ anode. It was reported that during the 
cell operation the voltage initially dropped rapidly by 170 mV in 20 minutes from 0.77 
V to 0.6 V and then decreased gradually to 0.56 V after 278 hours, after which the 
cell did not change significantly. It has been suggested that the initial rapid decrease 
in voltage was due to sulphur poisoning of the nickel in the anode after which the 
ceria acted as the electrocatalyst during the stable cell performance (Gorte and Vohs, 
2009). 
2.2.3.2.2 Sn/Ni-YSZ Anode 
Nikolla et al., (2006) have reported that bimetallic Sn/Ni alloy catalyst was much more 
resistant to deactivation by carbon deposition than supported monometallic nickel 
catalyst due to tin alloying lowering the rates of C-C bond formation compared to 
carbon oxidation. 1 wt% Sn/Ni-YSZ was compared with Ni-YSZ operating on 
methane fuel at a steam to carbon ratio of 0.5 and 1073 K; it was reported that the 
Ni-YSZ catalyst lost ca. 45 % of its activity after 2 hrs of operation as a result of the 
formation of graphitic carbon while the 1 wt% Sn/Ni-YSZ catalyst was stable for 15 
hrs that the reactor was operated (Nikolla, Schwank & Linic, 2007). Ni-YSZ catalyst 
was also reported to deteriorate rapidly when the reactor was fuelled with propane 
and isooctane at a steam-to-carbon ratio of 1.5 at 1073 K while the 1 wt% Sn/Ni-YSZ 
was not deactivated after 15 hrs of reactor operation.   
An increase in tin concentration in the catalyst had a negative effect on C-H bond 
activation shown by a 25% decrease in methane conversion when the tin 
concentration was increased from 1 to 5 %. The stability of the Sn/Ni-YSZ catalyst 
was not affected by the average size of metal particles in the range 30 to 500 nm and 
nickel loading from 15 to 44 wt% with respect to the total mass of catalyst (Nikolla, 
Schwank & Linic, 2008). These experiments were conducted in a packed-bed reactor 
set-up.  
Nikolla, Schwank and Linic, (2009) later used a fuel cell set-up which consisted of 
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YSZ electrolyte, LSM cathode and a Ni-YSZ or Sn/Ni-YSZ anode, to show that the 
addition of 0.5 – 1 wt% of Sn to nickel improved the anode resistance to deactivation 
by carbon deposition during the internal utilization of hydrocarbon fuels in SOFCs 
due to the preferential oxidation of carbon atoms rather than the formation of C-C 
bonds. 
In their experiments, the Ni and Sn/Ni anodes were exposed to pure methane at 
1atm and 1013 K, while the cathode was exposed to stagnant environmental air and 
the cell operated at 0.6 V. Results reported showed that the Ni anodes were 
deactivated after a short time on stream due to accumulation of solid graphitic carbon 
deposits at the anode in contrast to the Sn/Ni anode. A peak power density of ca. 
0.40 W cm-2 was obtained for the Sn/Ni anode.  
Kan and Lee (2010) have also shown that carbon deposition by SOFC anode 
operating on methane could be reduced by using Sn-doped Ni-YSZ instead of the 
conventional Ni-YSZ anode. They reported a power density of 0.41 W cm-2 at 650 oC 
for a cell operated on humidified methane fuel; this cell was compared to one with Ni-
YSZ anode, it was observed that the Sn-doped Ni-YSZ cell operated for 137 h while 
the NI-YSZ failed within 27 h. 
Unfortunately, the addition of Sn to nickel anode increases the activation barrier for 
methane activation (Nikolla, Schwank and Linic, 2009). It is also essential to 
determine the effect of sulphur on this Sn/Ni anode. 
2.2.3.2.3 Cu-Ni-YSZ Anodes 
Copper is not active for hydrocarbon oxidation and suppresses the formation of 
carbon (Mogensen and Kammer, 2003). Park et al., (2009) fabricated Cu-Ni-YSZ 
anode on YSZ by electroplating copper into porous Ni-YSZ cermet anode and 
exposed it to methane humidified with water vapour (3% H2O).They used a Cu:Ni 
ratio of 0.2, LSM-YSZ cathode and reported a peak power density of 0.24 W cm2 at 
700 oC which was slightly lower than 0.28 W cm-2 obtained for Ni-YSZ anode. 
However, the Ni-YSZ anode degraded steeply over 21 hours due to carbon 
deposition while the Cu-Ni-YSZ was more durable showing stability up to 200 hours 
of operation when tested under a load of 0.15 A cm-2 because the Cu-Ni alloy 
prevented carbon deposition on the anode.  
Islam & Hill, (2011) used a microwave irradiation process to deposit copper 
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nanoparticles on Ni-YSZ anode of an electrolyte-supported SOFC, the Cu:Ni used 
was 0.06:1 by weight. The cell was operated on dry hydrogen and methane; they 
reported a peak power density of 75 and 49 mW cm-2 for the dry hydrogen- and 
methane-fuelled cells respectively at 800 oC. The lower performance of the cell in dry 
methane compared to hydrogen was attributed to copper being a poor catalyst for C-
H bond scission, it was also reported that the amount of carbon formed when the Cu-
Ni-YSZ anode was exposed to dry methane at 800 oC and OCV for 25 hours was 
lower than that obtained for Ni-YSZ anode under the same condition. Since this 
anode still consists of nickel, it is essential to determine the effect of sulphur on it, 
even in the presence of copper. 
2.2.3.2.4 Cu-Ni-Ceria-YSZ 
Ceria provides ionic and electronic conductivity as well as catalytic activity for the 
oxidation of hydrocarbon (Gorte et al., 2000). Kim et al., (2002) investigated the use 
of Cu-Ni-Ceria-YSZ anode for the direct oxidation of methane in SOFC at 1073 K. 
They exposed anodes with Ni composition (based on the metal phase) of 0, 10, 20, 
50, and 100% to dry methane at 1073 K for 1.5 hr and observed that the addition of 
copper to nickel-YSZ anode suppressed carbon formation. They used an anode that 
consisted of 10 wt% ceria and 20 wt% metal (Cu and Ni). The anode made of cu-
ceria showed no evidence of carbon formation when exposed to dry methane while 
the anode made of only Ni formed large amounts of black carbon and also fractured 
probably due to volume expansion associated with Ni carbide formation. A maximum 
power density of 0.33 W cm-2 was achieved for dry methane compared to 0.44 W cm-
2 with H2, for anode having a Cu:Ni ratio of 4:1, they reported that this cell was 
operated on CH4 for 500 hours with negligible carbon deposition. The possibility of 
sulphur poisoning of this anode appears not to have been considered. 
2.2.3.2.5 Cu-YSZ and Cu-Ceria-YSZ Anodes 
The use of copper-YSZ cermet (Cu-YSZ) instead of Ni-YSZ as well as the addition of 
ceria to Cu-YSZ has been investigated. Copper is an excellent electrical conductor, it 
is not active for hydrocarbon oxidation and suppresses the formation of carbon 
(Mogensen and Kammer, 2003) but ceria enhances the catalytic property of the 
anode while increasing the triple phase boundary by providing ionic and electronic 
conductivity (Gorte et al., 2000). The direct electrochemical oxidation of dry methane 
69 
 
in SOFC with Cu-YSZ and Cu-Ceria-YSZ anodes has been reported by Park et al. 
(1999); Gorte et al. (2000); and Park, Gorte & Vohs (2000). 
Park, Gorte & Vohs, (2000) investigated the effect of replacing the Ni in Ni-YSZ with 
Cu or mixture of Cu and Ceria on the cell performance and carbon deposition by 
comparing Ni-based anodes (Ni-YSZ and Ni-CeO2-YSZ) with copper-based anodes 
(Cu-YSZ and Cu-CeO2-YSZ); The Cu-CeO2-YSZ anode contained 40 wt.% Cu and 
20 wt.% CeO2. Addition of ceria was shown to increase the catalytic activity of the Ni-
YSZ anode; when the Ni-CeO2-YSZ cell was operated with hydrogen at 800 oC, the 
peak current and power densities were 520 mA cm2 and 0.15 W cm2 respectively for 
a cell with a 230 µm thick YSZ electrolyte. The cell operation was stable when 
operated with hydrogen at 0.5 V and ∼230 mA cm2 but was deactivated after few 
minutes when the fuel was switched from hydrogen to CH4 due to nickel in the anode 
catalyzing carbon formation. 
When the cell with Cu-CeO2-YSZ anode was operated at 800 oC, 0.5 V, the current 
density was 200 mA cm2, which was slightly lower than that obtained for Ni-CeO2-
YSZ anode; when the fuel was switched from hydrogen to CH4, the current density 
initially decreased by 50% but afterwards was restored back when the fuel was 
swticthed back to hydrogen (unlike the Ni-CeO2-YSZ anode). The cell performance 
remained stable during operation with CH4 and carbon was not deposited on the 
anode. This result demonstrated that the Cu-CeO2-YSZ anode was active for the 
direct electrocatalytic oxidation of methane but did not catalyse graphite formation 
(Park, Gorte & Vohs, 2000). No degradation in cell performance was observed when 
the cell was operated on ethane, butene, butane, and hexane for 3 hours at 700 oC 
and 0.4 V. A poor performance with a peak current density less than 200 mA cm-2 
was obtained for the cell with Cu-YSZ in contrast to ca. 480 mA cm-2 for the Cu-
CeO2-YSZ anode, because copper is not a good catalyst for the activation of C-H 
bonds but only provided electrical conductivity. Hence, copper in Cu-YSZ and Cu-
CeO2-YSZ anodes suppress carbon formation because it has low catalytic activity for 
C-C bond formation and does not form graphite while ceria in Cu-CeO2-YSZ 
enhances the catalytic property of the anode (Park et al., 1999; Park, Gorte & Vohs, 
2000; Gorte et al., 2000). 
Park, Gorte & Vohs (2000), Kim et al. (2001), Gorte, Kim & Vohs (2002), and Gorte 
and Vohs (2003) have reported the direct utilization of several hydrocarbons such as 
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methane, ethane, 1-butene, n-butane, n-decane, toluene, and synthetic diesel, in 
SOFC with Cu-Ceria-YSZ composite anodes and showed that reasonable power 
densities could be achieved. It was stated that reasonably high sulphur 
concentrations could be used with Cu-Ceria-YSZ anodes but the operating conditions 
must be carefully chosen to avoid the formation of ceria-sulphur compound (Ce2O2S) 
and sulphur sensitivity has to be evaluated for any additives incorporated into the 
anode. Unfortunately, Cu-Ceria-YSZ anodes undergo slow deactivation at 
temperatures above 700 oC which results from the low thermal stability of the copper 
current collection layer (Jung et al., 2006).  
2.2.3.2.6 Ceramic Anodes 
Owing to metallic nickel catalyzing carbon deposition at the Ni-YSZ cermet anode 
and its subseptibility to sulphur poisioning, ceramic anodes which do not catalyze 
carbon formation but exhibit higher tolerance to sulphur poisoning are being 
developed to replace nickel completely in SOFC anode. These ceramic anodes are 
employed for both electron transport and and catalytic oxidation of fuels. Mixed oxide 
ionic and electronic conducting ceramics are usually employed because the ionic 
conductivity increases the effective size of the three phase boundary.These include: 
La0.75Sr0.25Cr0.5Fe0.5O3 (Tao and Irvine, 2004), La0.75Sr0.25Cr0.5Mn0.5O3 (Pena-Martinez 
et al., 2006), La0.33Sr0.66Fe0.66Cr0.33O3 (Haag et al., 2008), La0.4Sr0.6Ti1−xMnxO3 (Fu, 
Tietz & Stover, 2006; Ovalle et al., 2006), and Sr2Mg1−xMnxMoO6−δ (Huang et al., 
2006).  
Tao and Irvine (2004) investigated the stability, catalytic properties, and 
electrochemical performance of La0.75Sr0.25Cr0.5Fe0.5O3 (LSCrF) as an anode material 
for SOFC. They showed that this ceramic anode exhibited good catalytic activity for 
methane-reforming and oxidation but with a small degree of cracking at 900 oC which 
might limit its application. It was also reported that its electrochemical performance 
was significantly lower than that of the La0.75Sr0.25Cr0.5Mn0.5O3-δ, while the appearance 
of a trace amount of iron in the reduced sample indicated that the material was at its 
stability limit under SOFC anode conditions which implies the long term stability 
would be questionable.  
Haag et al. (2010) have also shown that La0.30Sr0.70Fe0.70Cr0.30O3-δ is stable down to a 
pO2 of 10-20 atm at 800 oC and a pO2 of 10-18 atm at 900 oC, at which point a spinel 
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phase formed while further reduction led to the formation of Fe metal.  
Gorte and Vohs (2009) have recently reviewed La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM), 
La0.4Sr0.6Ti1−xMnxO3, and the double perovskite Sr2Mg1−xMnxMoO6−δ. Like the LSCrF 
ceramic anodes, these anodes do not catalyze carbon formation when operated with 
hydrocarbons but show poor electrochemical performances.  
2.2.4. Molten Metal Anodes 
Various molten metal anodes have been considered to replace the conventional Ni-
YSZ anode; prominent among them are tin, lead, antimony, indium, bismuth, and 
their alloys. A molten metal anode should be a liquid at the SOFC operational 
temperature; it is desirable that the metal should have a low melting point and low 
vapor pressure at high temperatures (high boiling temperature). Table 2.2 shows the 
properties of some common metals; the melting points of tin, lead, antimony, indium, 
bismuth are relatively low while their boiling points are high. 
Table 2.2: Properties and abundance of common metals (Abernathy et al., 2011) 
 
 
Depending on the cell design, the operation of the molten metal anode SOFC may 
involve a first step in which the molten metal itself is electrochemically oxidized to 
generate electrical current at the electrolyte | molten metal interface, followed by the 
reduction of the oxide by fuel at the anode. Hence, it is desirable that the oxidation 
potential of the molten metal be high but lower than that of the fuel oxidation.  
The temperature dependence of the equilibrium potential differences for the oxidation 
of tin, lead, antimony, indium, and bismuth are shown in Figure 2.8; the equilibrium 
potential differences decreased with increasing temperature because the entropies of 
these reactions are negative, indium and bismuth have the highest and lowest 
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equilibrium potential differences respectively within the temperature range 473 – 
1273 K considered. The equilibrium potential differences for the oxidation of these 
molten metals in the temperature range 973 – 1173 K are in the order: 
In Sn Sb Pb Bi    . Figure 2.9, Figure 2.10, and Figure 2.11, show that the 
reduction of these metal oxides by methane, carbon and hydrogen respectively are 
spontaneous at the high operating temperatures of SOFCs.  
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Figure 2.8: Effect of temperature on equilibrium 
potential differences for oxidation of molten Bi, 
In, Pb, Sb and Sn 
Figure 2.9: Effect of temperature on Gibbs energy 
changes for partial oxidation of methane to 
syngas by the oxides of antimony, bismuth, 
indium, lead, and tin 
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Figure 2.10: Effect of temperature on Gibbs 
energy changes for partial oxidation of carbon 
by the oxides of antimony, bismuth, indium, 
lead, and tin  
Figure 2.11: Effect of temperature on Gibbs 
energy changes for oxidation of hydrogen by 
the oxides of antimony, bismuth, indium, lead, 
and tin 
The data used for the computation of the Gibbs energy changes for these reactions 
were obtained from: Barin, Knacke & Kubaschewski (1977), Barin (1993), Chase et 
al. (1985), Chase (1998), Frenkel et al. (1994); Gurvich, Veitz & Alcock, (1989), 
Glushko (1994), Glushko (1996), Knacke, Kubaschewski & Hesselman (1991), 
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Landolt (1999), McBride, Gordon & Reno (1993), Binnewies & Milke (2002), and  
Parnaik (2003). 
Antimony, lead and bismuth are toxic, while indium is expensive so tin was chosen 
for this study because it has relatively low melting point (231.9 oC), very low vapour 
pressure at high temperatures (boiling point is 2620 oC) and is also non-toxic. Table 
2.3 shows some thermopysical data for tin; the high solubility for sulphur implies that 
tin can absorb sulphur in fuels, this unlike the Ni-YSZ anode does not affect the 
performance of the tin anode and the sulphur could also be oxidized as additional 
fuel (Tao et al., 2007a). 
Table 2.3: Thermophysical property data for liquid tin (Abernathy et al., 2011) 
 
CellTech Power Inc., MA, US, a fuel cell company, developed a liquid tin anode 
SOFC and demonstrated the direct conversion of fuels which include hydrogen, 
natural gas, coal, biomass, JP-8, and plastic feedstocks into electricity (Tao, 2005). 
The company has evolved generations of the Sn(l)-SOFC designs; power densities of 
40 mW cm-2 and 120 mW cm-2 were achieved by their Gen 3.0 and Gen 3.1 (Figure 
2.12) respectively when the cells were operated directly on a JP-8 fuel at 1000 oC 
(Tao et al., 2008). The Gen 3.1 cell was constructed around a closed end 8 mol% 
YSZ electrolyte tube with nominal thickness between 160 and 200 µm. Strontium or 
cobalt doped lanthanum manganite (i.e. LSM or LCM) was employed as the cathode 
on the inside of the YSZ tube along with unspecified current collector; both 
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Researchers at the University of Pennsylvania, Philadelphia, US, have been 
investigating various molten metal anodes for SOFC (Jayakumar et al., 2010a; 
Jayakumar, Vohs and Gorte, et al., 2010b). They have investigated the performance 
of molten bismuth, indium, lead, antimony, and tin as anodes for SOFC. They used 
an experimental system presented schematically in Figure 2.14 to characterize the 
performance of the molten metal SOFC investigated. A circular YSZ wafer which was 
one side porous and one side dense was used. The porous layer had a diameter of 
0.67 cm and was 50 μm thick while the dense layer had a diameter of 1 cm and was 
approximately 900 μm thick. A 40 wt % La0.8Sr0.2FeO3/yttria-stabilized zirconia (LSF-
YSZ) composite cathode was made by impregnation of the porous cathode with LSF. 
The electrolyte-cathode wafer was attached to an alumina tube using a ceramic 
adhesive and then mounted vertically so that the molten metal could be kept in 
contact with the YSZ electrolyte by gravity. A ceramic wafer of of either La0.3Sr0.7TiO3 
(LST) or La0.8Sr0.2CrO3 (LSCr) was attached to an alumina tube and suspended in the 
molten metal above the electrolyte for current collection and to press the molten 
metal onto the electrolyte surface. A silver wire was passed through the alumina tube 
and pasted onto the LST or LSCr for electrical contact with the ceramic current 
collector. 
 
Figure 2.14: Schematic of experimental system for the 
investigation of the electrochemical oxidation of 
molten metals (Jayakumar et al., 2010a; Jayakumar, 
Vohs and Gorte, et al., 2010b)  
They investigated the electrochemical oxidation of these molten metal anodes at the 
YSZ interface between 973 and 1173 K by operating the cells in battery conditions 
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with dry He or N2 flow in the anode compactment. They obtained an open circuit 
potential difference of 0.93 V at 973 K for molten tin oxidation and observed that the 
molten tin oxidized at the YSZ interface to form an insulating SnO2 layer which 
hindered further charge transfer and led to a large increase in the cell impedance 
after the transfer of a few Coulombs per square centimetre charge. A 1.5 mm thick 
molten tin anode layer was used; this was reduced with hydrogen before the potential 
sweep experiment. The polarization curve obtained after the potential difference was 
ramped at 10 mV s-1 from open circuit to zero and back is shown in Figure 2.15, while 
the impedance spectra obtained before and after the potential sweep are shown in 
Figure 2.16. As shown in Figure 2.15 and Figure 2.16, there was a decrease in the 
current density, an increase in the impedance and degradation of the cell after the 
charge transfer.  
  
  
Figure 2.15: U-j polarization curve for molten tin 
anode SOFC at 973 K (Jayakumar et al., 2010) 
 
Figure 2.16: (a.) impedance data obtained at open 
circuit before the U-j measurement (b.) data 
obtained after the U-j polarization curve 
(Jayakumar et al., 2010) 
The performance of indium which forms high melting point oxide like tin was also 
observed to drop due to the formation of a layer of solid oxide on the YSZ surface. In 
the case of bismuth, the effect of oxide barrier was observed to be minimal compared 
to that of molten tin because its oxide is a good ion conductor, but the open circuit 
potential was only 0.48 V. Molten lead and antimony were investigated to show the 
possibility of avoiding the formation of solid oxide layer on the YSZ electrolyte by 
operating the cell at a temperature higher than the melting point of their oxides which 
77 
 
are 1161 and 929 K repectively. Low impedances were obtained for both lead and 
antimony when they were operated at temperatures higher than the melting points of 
PbO and Sb2O3 respectively. Unfortunately, both lead and antimony are toxic metals. 
LaBarbera et al. (2012) investigated a Sn(l)-SOFC; their cell design which is depicted 
schematically in Figure 2.17 consisted of a YSZ (6 mol % yttria) electrolyte crucible 
with a 2.54 cm diameter base and 0.15 cm thickness, an LSM cathode on the 
exterior of the YSZ crucible and gold current collector. The interior of the crucible 
which had a volume of 12.9 cm3 was partially filled with tin while rhenium wires were 
employed as the molten tin anode current collector. An alumina feed tube supported 
above the molten tin anode was used for the injection of argon, hydrogen, coal, or 
coal-water slurry onto the surface of the molten tin.  
 
Figure 2.17: Schematic of the Sn(l)-SOFC investigated by 
LaBarbera et al. (2012) 
Open circuit potential difference of 0.841 V was obtained under argon and attributed 
to the oxidation of molten tin, 0.885 V for powdered coal injection (under argon), 
0.852 V under a stream of coal water slurry (90 mass % of water) carried by argon 
and 1.117 V for hydrogen oxidation at 900 oC.They concluded that the dominant 
anode reaction under hydrogen fuel was the electrochemical oxidation of hydrogen 
while the oxidation of tin to SnO2 was the prevailing reaction when the cell was 
fuelled with either argon, coal, or coal-water slurry. They also did some 
electrochemical analysis of the reaction mechanisms involved in the fuel cell 
processes by impedance measurement and concluded that oxygen was transported 
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from the YSZ | molten tin interface through the molten tin layer to be reacted with 
hydrogen present on the surface of the molten tin. The degradation of cell 
performance due to tin oxide formation at the YSZ | molten tin anode interface was 
also reported. 
These authors have not investigated the impact of fuel gas bubbling through the 
molten tin on the performance of a Sn(l)-SOFC. The stirring of the molten tin is 
expected to enhance diffusion of oxygen atoms from the YSZ | molten tin interface to 
the bulk molten tin (compared to quiescent molten tin system where tin oxide may 
form on the YSZ electrolyte) where it reacts with the fuel. Also, the kinetics of of fuel 
bubble - [O]Sn reaction at the molten tin anode has not been investigated.  
2.3. Oxygen interaction with Molten Tin 
Lawless (1974) has presented a detailed review of the principles governing the 
oxidation of metals: The initial stage of oxidation process involves the chemisorption 
of oxygen which is usually followed by dissociation and incorporation of oxygen in the 
metal probably by a place exchange process. Also, depending on the temperature 
and pressure, considerable oxygen solution in the metal may occur which may 
eventually lead to the formation of oxide nuclei that grows to form continuous surface 
film of oxide. However, oxygen solution during metal oxidation appears to be 
important only for low pressure oxidation or the initial stages of high temperature 
oxidation. It is believed that metal oxidation involves three successive periods for a 
given pressure and temperature; an induction period which lasts until oxide nuclei are 
first observed on the metal surface, a second period of lateral growth of the oxide 
nuclei lasting until the surface is completely covered by oxide, and a final period of 
uniform growth of the continuous oxide film.  
The oxidation process may also involve the formation of an intermediate sub-oxide 
prior to the formation of a stable oxide. Oxide formation depends on the oxygen 
pressure being greater than the dissociation pressure of the oxide in equilibrium with 
the metal. It was pointed out that there is always a competition between the formation 
of surface oxide and its dissolution in the metal and a decrease of the partial 
pressure of oxygen at constant temperature favoured the dissolution of oxide; the 
disappearance of oxide on the surface of copper when the temperature was elevated 
without changing the oxygen pressure has been attributed to the solution of the oxide 
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in the metal. This competition between surface oxide formation and dissolution 
usually vary with the oxidation temperature and oxygen pressure; oxygen solution is 
normally predominant at lower pressures and higher temperatures while at moderate 
to high temperatures and atmospheric pressure, the small amount of oxygen solution 
would have little effect on the kinetics of formation of relatively thick oxide films on 
such metals. It was revealed that the induction period corresponded to the saturation 
of a superficial region of the metal with oxygen, and that the beginning of nucleation 
or end of the induction period could be the precipitation of oxide due to a 
supersaturation of the surface region; the nuclei then grow rapidly in the lateral 
directions but slowly normal to the surface, surface diffusion processes playing an 
important role in the continued growth of the nuclei. The metal and gaseous 
reactants are spatially separated by a barrier as soon as a thin continuous film of 
oxide has been formed on the metal surface so the reaction can continue only if 
cations, anions, or both and electrons diffuse through the oxide layer while the rate-
determinig step may be mass or charge transport through the oxide layer, mass or 
charge transport across one of the interfaces or a process associated with the 
chemisorption of oxygen. 
Parabolic and linear rate laws have been observed at high temperatures while 
logarithmic, inverse logarithmic, cubic and quartic rate laws have been observed at 
low to moderate temperatures in addition to the parabolic and linear rate laws 
(Drouzy & Mascre, 1969; Lawless 1974). If the solubility of oxygen in a metal is 
significant, a concentration gradient builds up away from the gas | metal interface and 
the rate law may be influenced by the diffusion of oxygen in the metal (Drouzy & 
Mascre, 1969). 
2.3.1. Solubility of Oxygen in Molten Tin 
Oxygen solubility as well as its reactions with molten tin is important in the design 
and operation of the molten tin reformer and Sn(l)-SOFC. The oxygen solubility limit 
defines the amount of oxygen which could be dissolved or pumped into the molten tin 
without the formation of any solid tin oxide. As shown on the phase diagrams of 
Figure 2.18, Figure 2.19, and Figure 2.20, depending on the operating temperature, 
SnO, SnO2, or SnxO1+x, phase may be formed when oxygen is added to the molten 
tin beyond the solubility limit. These phase diagrams all show the regions in which 
oxygen exists as dissolved atoms in the molten tin, but, a comparison of these phase 
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diagrams shows several discrepancies; for instance on the phase diagram of Figure 
2.18 by Kuxmann & Dobner (1980), the maximum solubility was ca. 10% at 1700 oC, 
that of Figure 2.19 by Cahen et al., (2003) has a maximum of ca. 7.5% at 2227 oC, 
while that of Figure 2.20 by Abernathy et al. (2011) has a maximum of ca. 10% at 
1600 oC. 
Oxygen dissolved in molten tin
 
Figure 2.18: Phase diagram for the tin-oxygen system reported by 
Kuxmann and Dobner (1980) 
 
  
Figure 2.19: Phase diagram for the tin-oxygen 
system reported by Cahen et al. (2003) 
Figure 2.20: Phase diagram for the tin-oxygen 
system reported by Abernathy et al. (2011) 
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Belford and Alcock (1965) measured the solubility limit of oxygen in molten tin at 536, 
600, 700, and 751 oC by the technique of electromotive force (emf) measurement 
using the cell:  
 2 2 3( ), ( ) | (0.85 0.15 ) | ( ),[ ]Ni s NiO s ThO Y O Sn l O  (I) 
The electrolyte was yttria doped thoria while the reference electrode was a Ni-NiO 
mix. Oxygen was pumped into molten tin electrochemically using cell (I) as an 
oxygen concentration cell. The changes in the emf were monitored as oxygen 
dissolved in the molten tin from an initial value to the solubility limit at each 
temperature considered.  
 
Figure 2.21: Emf of cell (I) versus number of coulombs passed (proportional to 
atomic % [O] added) to molten tin at 700 oC (Belford and Alcock,1965) 
A correlation which could be used to predict oxygen solubility in molten tin in 
equilibrium with SnO2 in the temperature (K) range 232 – 1100 oC was obtained from 
their experiments and reported: 
  10 ,
5730( )
og [ ] / % 4.19s T
K
L O atom
T

 
 
 [2.22] 
They observed that on adding oxygen to molten tin, the concentration of dissolved 
oxygen could be increased beyond that at which solid SnO2 is normally formed; as 
82 
 
shown in Figure 2.21, evidence of a limiting potential at oxygen activities 
corresponding to those expected for unstable solid SnO was obtained. It was also 
reported that due to the unstable nature of SnO, the limiting potential difference 
obtained at oxygen activities corresponding to SnO formation slowly drifted to the 
emf for the formation of SnO2 at a continuously diminishing rate and without further 
passage of current, requiring 15 hours at 700 oC. The rates of drift of the emf were 
said to be compatible with those for the disproportionation of SnO into Sn and SnO2 
at temperatures above 300 oC. 
Ramanarayanan and Rapp (1972) determined the solubility of oxygen in molten tin in 
the temperature range 750 – 950 oC using the cell: 
 2( ),[ ] | (3 4% ) | ,Sn l O ZrO CaO Pt air   (II) 
A CaO doped zirconia electrolyte tube was used with a platinum reference electrode 
for the electrochemical pumping of oxygen into the molten tin. A platinum wire and 
slightly oxidized chromel (90% Ni - 10% Cr) were used as leads for the reference and 
working electrodes respectively. The solubility of oxygen in molten tin in equilibrium 
with SnO2 was given as: 
 
1
5
,
30,000( )
[ ] / % 1.3 10 exps T
Calmol
O atom x
RT
 
  
 
  
 [2.23] 
where R is the gas constant (Cal K−1 mol−1) and T the absolute temperature. 
Carbo Nover and Richardson (1972) also determined the solubility of oxygen in 
molten tin by heating SnO and tin in a crucible, they reported a correlation for oxygen 
solubility in equilibrium with SnO2 in the temperature range 900 – 1100 oC: 
 
 10 ,
5770( )
og [ ] / % 4.26s T
K
L O atom
T

 
 
 [2.24] 
Kunstler et al. (2000) also determined the solubility of oxygen in molten tin by 
exposing the surface of molten tin to gaseous oxygen. A correlation for the 
temperature dependence of the solubility of oxygen which is valid in the range 873 – 
1153 K was reported:  
  10 ,
4937( )
og [ ] / % 3.45s T
K
L O atom
T

 
 
 [2.25] 
The temperature dependences of the solubility of oxygen in molten tin predicted by 
these correlations are compared in Figure 2.22; the solubility predicted by the 
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correlation of Belford and Alcock (1965) are close to those of Kunstler et al., (2000) 
but further away from those of Ramanarayanan and Rapp (1972) when compared 
within similar temperature range. Thus, it is essential to validate the solubility of 
oxygen in molten tin. 
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Figure 2.22: Comparison of the temperature dependence of 
solubility of oxygen in molten tin reported by various authors 
2.3.2. Kinetics of Oxygen Dissolution in Molten  
Bircumshaw and Preston (1936) investigated the kinetics of oxidation of molten tin in 
the temperature range 400 – 800 oC by exposing the surface of tin melt to oxygen 
gas while measuring the changes in the oxygen pressure. They observed linear 
sections over comparatively large ranges of pressure in the plots of pressure versus 
time obtained from their experiments. Straight lines were also obtained when the 
square of the oxygen absorbed was plotted against time for the linear portion of the 
pressur-time curves. These trends were attributed to the fact that the progressive 
increase in the thickness of the oxide film formed during the oxidation process had 
very little influence on the oxidation rate and hence the rate of oxidation of molten tin 
could not be described by the parabolic law usually employed for oxide formation. 
They concluded that the rate of oxidation of molten tin appeared to be controlled by 
some factors other than the progressive increase in the film thickness. 
Bircumshaw and Preston (1936) also conducted experiments to see what happens to 
the surface of molten tin when oxygen was admitted at various pressures and 
reported that the film formed after the addition of initial small quantities of oxygen 
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disappeared due to solution in the molten metal; for instance when oxygen gas was 
rapidly added to the molten tin at a temperature of 800 oC and low pressure, it was 
observed that the surface of the molten tin was immediately covered with a thick jet 
black film thought to be possibly SnO which later disappeared as the whole of the 
oxygen was absorbed by the molten tin. This suggests that oxygen dissolution in the 
molten tin at high temperature and low oxygen pressure appears to involve an initial 
stage of SnO formation followed by the dissociation of the oxide to molten tin and 
oxygen atom incorporated in the molten tin: 
  ( ) ( ) [ ]SnSnO s Sn l O   [2.26] 
Boggs, Kachik and Pellissier (1961) studied the rates of oxidation of pure tin in the 
temperature range 150 – 220 oC and several different oxygen pressures in the range 
10-2 mm to 500 mmHg by means of a vacuum microbalance. They reported that for 
oxygen pressures below 1mm, the oxidation rate increased continuously with time, 
and the rate-determining step appeared to be the dissociation of oxygen while for 
oxygen pressures 1 mm and above, the oxidation of tin appeared to proceed with 
time in three stages: in the initial stage, the rate was low but increased to a 
maximum; in the second stage it decreased and followed a direct logarithmic 
relationship; and finally for long times and thick films, the rate became erratic, either 
increasing rapidly or levelling off. In the review of Drouzy and Mascré (1969) on the 
oxidation of liquid non-ferrous metals in air or oxygen, two stages of oxidation of tin 
was identified; a continous film of oxide was initially formed on the metal which later 
lost its homogeneity and formed white tin dioxide and tin powder. It was mentioned 
that at low temperatures during the first stage the oxidation rate was very low while 
during the second stage at high temperatures oxidation was rapid and the rate 
approaches a constant value. 
Recently, Yuan, Yan and Simkovich (1999)  investigated the rapid oxidation of 
molten tin and its alloys in the temperature range 600 – 800 oC; kinetics 
measurement were made in pure oxygen or oxygen atmosphere diluted with argon 
by thermogravimetric analysis. Solid pure tin was placed in Al2O3 crucible which was 
then encapsulated in pyrex glass tubing that had been evacuated and backfilled with 
argon, the assembly was set in a muffle furnace. Weight gain per reaction area (mg 
cm-2) and corresponding relative weight gain (%) which was defined as the ratio of 
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the gain in weight of the content in the crucible to the theoretical weight gain for 
complete conversion of metal to ceramic phase (SnO2 considered as the only stable 
phase at the reaction temperature) were monitored. As shown in Figure 2.23, the 
pure tin was observed to oxidize rapidly especially at 700 and 800 oC compared to 
600 oC, at 800 oC, a linear rate was sustained up to the initial 16 hours of the 
oxidation process. A study on the effect of oxygen partial pressure (Figure 2.24) at 
800 oC revealed that the linear growth rate was proportional to the oxygen pressure. 
It was concluded that there was no clear-cut rate determining process operative over 
the temperature and oxygen partial pressure ranges considered.  
 
 
Figure 2.23: Weight changes for pure tin at 600, 
700 and 800 oC in 1 atm O2. (Yuan, Yan and 
Simkovich, 1999)  
 
Figure 2.24: Weight changes for pure tin at 800 
oC in various oxygen pressures (Yuan, Yan and 
Simkovich,1999)   
These authors also investigated the oxidation of tin at 800 oC using a low oxygen 
partial pressure of 0.05 atm for 10 mins and reported that at the initial stage of tin 
oxidation, tin monoxide (SnO) which is metastable was formed followed by a phase 
transition or transformation to tin dioxide (SnO2) by the disproportionation reaction: 
   22 ( ) ( ) ( )SnO s SnO s Sn l   [2.27] 
A porous surface topography was obtained which suggested that the oxidation of the 
molten tin proceeded via the passage of oxygen through the oxide scales, this 
followed that new oxide was fromed at the oxide | metal interface. The porous scale 
was thought to be possibly due to the phase transition of SnO which was formed at 
the initial stage of oxygen dissolution in the molten tin. It is generally agreed that SnO 
is unstable even in the absence of oxygen and disproportionate according to 
equation 2.27 (Carbo Nover & Richardson, 1972). SnO is also very reactive towards 
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oxygen: 
   2 2( ) 0.5 ( ) ( )SnO s O g SnO s   [2.28] 
Moreno et al. (1992) have reported that even though the driving force for reaction 
[2.28] ( 1298 262.9KG kJ mol
      ) is greater than that of reaction [2.27] 
( 1298 5.9KG kJ mol
      ), the disproportionation reaction appeared to be the faster 
reaction. 
 It is agreed that the disproportionation reaction of SnO to SnO2 proceed via 
intermediates but there are discrepancy on the actual identity of the intermediate, 
Sn3O4 and Sn2O3 have been reported (Gauzzi & Verdini, 1985; Moreno et al., 2001; 
Giefers, Porsch & Wortmann, 2005). The disproportionation reaction also depends 
on deposition method, initial oxygen concentration, annealing temperature and 
humidity (Song and Wen, 2009).  
Gauzzi and Verdini (1985) investigated the disproportionation reaction of SnO in the 
temperature range 200 – 750 °C for varying lengths of time from 0.5 to 100 h, they 
reported that the reaction started at about 250 °C producing metallic tin and an 
intermediate oxide whose formula was confirmed as Sn3O4. They observed that in 
the temperature range 250 – 425 °C the disproportionation products were metallic tin 
and the intermediate oxide, between 425 - 550 °C Sn3O4 slowly decomposed to Sn 
and SnO2, after the complete disappearance of SnO while at temperatures above 
550 °C the disproportionation products were the thermodynamically stable phases Sn 
and SnO2.  
Moreno et al. (2001) studied the kinetics of disproportionation of SnO to SnO2 at 723 
K by Mössbauer spectroscopy; they assumed that the intermediate was Sn3O4 and 
the reaction proceeded by a set of two first order reactions described by the 
sequence: 
  1 23 4 2
k kSnO Sn O SnO    [2.29] 
The rate constants obtained for the first and second reactions were k1 = 2.47 x 10-4 s-
1 and k2 = 1.13 x 10-5 s-1 respectively. 
Giefers, Porsch and Wortmann (2005) also investigated the kinetics of 
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disproportionation of SnO to SnO2 and metallic tin ex-situ and in-situ by X-ray powder 
diffraction with synchrotron radiation in the tempearature range 300- 550 oC. They 
reported that SnO decomposed at temperatures above 300 oC with noticeable rate 
into SnO2; depending on the sample preparation and reaction temperature, an 
intermediate oxide, Sn2O3, was observed which decomposed to SnO2 and Sn with a 
lower reaction rate. The rate of SnO disproportionation was found to follow a 
nucleaction and growth mechanism. 
More recently, Song and Wen (2009) investigated the oxidation of tin nano particles 
using a simultaneous thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) technique under both constant rates of heating and isothermal 
modes. They identified a two-stage oxidation process and showed by X-ray 
diffraction that the only oxide product was SnO at a temperature below 400 oC, while 
SnO and SnO2 coexist at the temperature range between 400 and 900 oC. 
These studies on molten tin considered the case in which the surface of the molten 
metal was exposed to an overhead oxygen atmosphere; it does not appear that the 
kinetics of oxygen bubble-molten tin interaction at the elevated temperature at which 
the molten tin reformer would operate has been investigated. 
Bandyopadhyay & Ray (1971) and Ali & Ray (1974) investigated the interaction of 
gas bubbles with and the kinetics of oxygen dissolution in liquid lead. They used an 
electromotive force (emf) cell which consisted of ZrO2-Cao solid electrolyte and 
nickel-nickel oxide reference electrode, to obtain the variation in the concentration of 
dissolved oxygen by measuring continuously the emf of the cell:  
 2, | (10 % ) | ,Ni NiO ZrO mol CaO Pb O  (III) 
They investigated the course of oxygen dissolution in molten lead when its surface 
was exposed to an overhead argon-oxygen mixture and when argon-oxygen mixture 
was bubbled through it. Prior to each of the experiments, the oxygen content of the 
molten lead was first reduced to a very low value by bubbling hydrogen through it. It 
was observed that the molten lead dissolved oxygen rapidly when an oxidising gas 
was bubbled through it but very slowly when only the surface was exposed to an 
overhead oxidising gaseous atmosphere. They reported that the transport of oxygen 
in the molten lead was the rate limiting step while the mass transfer coefficient 
increased with decreasing bubble size and increasing temperature.  
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Similar investigation of the kinetics of oxygen dissolution in molten tin when bubbles 
containing oxygen are injected into it is required.  
Andreini, Foster, and Phillips (1977) investigated the gaseous deoxidation of liquid 
copper with carbon monoxide as the reducing gas and reported that the rate was 
limited by mass transport of oxygen in the liquid copper. Prior to this study, Nanda 
and Geiger (1971) investigated the kinetics of deoxidation of copper and copper 
alloys by carbon monoxide bubbles, they observed that the rate was limited by liquid 
phase diffusion in the range 0.05 % oxygen down to 0.005 %, where chemical 
reaction rate became significant. It appears that the rate of deoxygenation of molten 
tin by fuel (e.g. methane) bubbles has not been investigated.  
2.3.3. Solid Electrolyte Potentiometric Oxygen Sensor for Molten Metals at 
High Temperatures 
The molten tin reformer requires an oxygen sensor to measure and monitor the 
concentration of dissolved oxygen in the molten; this sensor could possibly be 
incorporated into a feed back control loop in order to control the periodic dissolution 
of oxygen in molten tin during the operation of the molten tin reformer. 
The electrochemical measurement of oxygen activity or concentration in a medium is 
done by employing an electrochemical cell known as oxygen sensor which consists 
of two electrodes and an electrolyte. One electrode is the reference which has a 
constant activity of the oxygen while the other is the working or indicator electrode 
which is exposed to the medium with the unknown oxygen concentration. The 
electrolyte is an oxygen ion conductor which physically separates the two electrode 
compartments but oxygen ion may be transported through it from the high 
concentration electrode to the low concentration one.   
Oxygen sensors could be operated under equilibrium at zero current as 
potentiometric sensors or outside equilibrium with the passage of current as 
amperometric or voltametric sensors (Brett & Brett, 1993). 
Online oxygen sensors for in situ analysis are preferred over traditional sampling and 
chemical analysis for molten metals because they are easy to handle, give instant 
response, and can be computer controlled (Kurchania & Kale, 2000). Thus solid 
electrolyte potentiometric oxygen sensors are being developed for the measurement 
of oxygen concentration in molten metals (Courouau, 2002; Courouau, 2004; 
89 
 
Fernandez et al, 2002; Konys, Muscher & Wedemeyer, 2001; Konys et al, 2004; 
Kunstler et al, 2000; Kurchania & Kale, 2000; Kurata et al, 2010; Laimböck & 
Beerkens, 2006; Lee et al, 2008).  
In these sensors, the electrolyte is usually a solid oxide of zirconium (ZrO2) doped 
with yttrium or calcium or magnesium oxide (Kunstler et al., 2000; Colominas, Abella 
& Victori, 2004). These doped ceramics have vacant oxygen sites for oxygen ion 
conduction. 
Zirconia (ZrO2) doped with 8~18% yttria (Y2O3) usually referred to as yttria stabilized 
zirconia (YSZ) is the solid electrolyte that is mostly used; it has a high oxygen ion 
conductivity at temperatures higher than 350 oC (Li, 2002) with thermal and chemical 
stability in both oxidizing and reducing atmospheres (Kunstler et al., 2000).  
 The reference electrode may be platinum with air as the reference gas (Konys, 
Muscher & Wedemeyer, 2001; Konys, Muscher & Wedemeyer, 2004) or a 
metal/metal oxide mix e.g. Sn/SnO2 (Kunstler et al, 2000), In/In2O3 (Konys, Muscher 
& Wedemeyer, 2001; Fernandez et al, 2002; Colominas, Abella & Victori, 2004), 
Bi/Bi2O3 (Kurata et al, 2010; Lee et al, 2008; Konys, Muscher & Wedemeyer, 2004), 
Ni/NiO (Laimböck & Beerkens, 2006), and Cu/Cu2O (Kunstler et al, 2000).  
Mixed ionic-electronic conducting electrodes e.g. lanthanum strontium iron cobalt 
oxide (La0.6Sr0.4Fe0.8Co0.2) are also been developed as reference electrodes for 
oxygen sensors (Alcock, Doshi & Shen, 1992; Ramasamy, Akbar & Dutta, 2006).  
The reference and working electrodes are connected across a crack-free solid 
electrolyte via leads to a high input impedance voltmeter to read the potential 
difference between the two electrodes. Metallic leads such as Molybdenum, rhenium, 
tungsten, and nickel-chromium wires have been used in molten metals depending on 
the temperature and chemical conditions at the measuring spot in the molten metal.  
LSM is an established oxygen reduction catalyst which has been employed with YSZ 
electrolytes as SOFC cathodes so it presents an alternative to platinum which is 
more expensive. As mentioned previously, two cathode layers are usually used; the 
first layer is a composite of LSM and YSZ (LSM-YSZ) which extends the active triple-
phase boundary, improves the thermal match of the cathode with the zirconia 
electrolyte, enhances the porosity and resistance to sintering and also possesses the 
required electronic conductivity, while the second is only LSM and functions mainly 
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as the more highly conducting current collection layer (Singhal, 2000; Ormerod, 
2003; Vohs & Gorte, 2005; Piao et al., 2008). 
2.4. Bubble Size and Behaviour in Molten Metal 
The size and behaviour of bubbles in molten metal affect the chemical and physical 
interaction between the bubbles and molten metal and consequently affect the 
performance of the gas-liquid process (Kumar and Kuloor 1970; Andreini, Foster & 
Callen, 1977; Kulkarni & Joshi, 2005; Badam et al., 2007). The bubble size 
determines the gas-liquid interfacial area, while the bubble size is determined by the 
phenomena of bubble formation; hence, knowledge of bubble formation is required in 
the design and operation of gas-molten metal contacting vessels or reactors. The rise 
velocity of bubbles determines the residence time of the bubble in the molten metal, 
while the contact time between the gas and liquid phases dictates the performance of 
interfacial transport and mixing processes (Kulkarni & Joshi, 2005). Small bubbles 
have slower velocities, leading to larger residence times compared to large bubbles 
which have faster velocities and smaller residence times.  
2.4.1. Bubble Formation  
Bubble formation is governed by lifting and restraining forces depending on the 
operating and design parameters of the system; the lifting forces are buoyancy force, 
pressure force and force due to gas momentum, which is small and can be ignored 
except at high pressures and high gas flow rates, while the restraining forces acting 
in the opposite direction are surface tension force, drag force and inertia force 
(Gaddis & Vogelpohl, 1986; Badam, Buwa & Durst, 2007; Kulkarni & Joshi 2005). 
The gas-liquid properties, orifice dimensions and material of construction usually 
control these forces (Kulkarni & Joshi 2005). The lifting forces of buoyancy, pressure 
and gas momentum are described by equations 2.30, 2.31, and 2.32, respectively, 
while the restraining forces of surface tension, drag and inertia are described by 
equations 2..33, 2.34, and 2.35, respectively: 
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Where Bd  is the bubble diameter, od  is the orifice diameter, L  is the liquid density, 
G  is the gas density, o  is the gas velocity at the orifice,   is the surface tension, 
DC  is the drag coefficient, GV  is the gas volumetric flow rate, and g  the gravitational 
acceleration. 
Bubble formation involves an expansion or growth stage, followed by a detachment 
stage (Satyanarayan et al., 1969; Gaddis and Vogelpohl, 1986); during the 
expansion stage, the bubble expands or grows at the nozzle tip with its based still 
attached to it.  The lifting and restraining forces act on the bubble during this stage 
while the bubble remain attached to the tip of the orifice until the lifting forces 
balances the restraining forces. During the detachment period, the lifting forces are 
higher than the resisting forces, so the bubble moves away from the nozzle and also 
expands as a result of incoming gas. The bubble initially maintains contact with the 
nozzle through a neck and ultimately detaches. The bubble then rises through the 
liquid column and ruptures at the surface of the liquid; the rising bubble may coalesce 
while larger ones may break up into smaller ones, resulting in a size distribution 
(Kumar and Kuloor 1970; Sherwood, 1975). Hence, the average bubble size or 
bubble size distribution in a system is a function of the size at bubble formation and 
the extent of coalescence and break-up (Kulkarni & Joshi 2005).  
2.4.2. Factors Affecting Bubble Size 
The factors which determine the size of a bubble can be classified into equipment, 
system and operating parameters (Kumar & Kuloor, 1970).The equipment 
parameters are those decided directly by the bubble forming device and include the 
diameter, geometry, orientation, nature and material of construction of the nozzle (or 
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orifice), and the chamber volume. The system parameters are those associated with 
the gas-liquid system of interest and these include gas and liquid densities and 
viscosities, contact angle with nozzle, and surface tension while the operating 
variables include the gas volumetric flow rate, depth of the liquid in the column, 
pressure drop across the nozzle, and system temperature (Kumar & Kuloor, 1970; 
Sano & Mori, 1976; Kulkarni & Joshi, 2005).  
These parameters are not entirely independent and each of them does not influence 
the bubble size to the same extent over the entire range of the other variables e.g. 
the system temperature affects the bubble size indirectly by varying the physical 
properties of the gas-liquid system (Kumar & Kuloor, 1970).  
 The bubble frequency depends on the gas flow rate, nozzle dimensions and bubble 
volume; when the gas flow rate is increased continuously for a particular gas-liquid 
system, a stage is reached when the bubble frequency remains essentially constant 
even though the bubble volume changes (Kumar & Kuloor, 1970; Kulkarni & Joshi, 
2005). For a constant gas flow rate, the depth of liquid in the column does not affect 
the bubble volume (Kumar & Kuloor, 1970; Jamialahmadi et al., 2001).  
Surface tension forces acts on a bubble and enables it to adhere to the edge of the 
nozzle, thus determining the growth time for the bubble. The surface tension force 
and consequently the bubble adherence time increases with diameter of the orifice 
(Gaddis and Vogelpohl, 1986; Liow, 2000), while an increase in surface tension 
results in increase in bubble volume (Kumar & Kuloor, 1970). The effect of surface 
tension is negligible at high gas flow rates for small diameter orifices (Kulkarni & 
Joshi, 2005). For constant flow and constant pressure conditions, the surface tension 
affects the bubble size at low flow rates and has negligible effect at high gas flow 
rate, while its effects are more evident for less viscous liquids than for viscous ones 
(Kumar & Kuloor, 1970).  
The bubble volume decreases with increase in liquid density due to rise in static head 
of the liquid but it is independent of liquid density for very shallow liquid heads 
(Kulkarni & Joshi, 2005). When the orifice diameter and the viscosity are small while 
the gas flow rate is large, the bubble volume is independent of the liquid density. 
However, when the flow rate and viscosity are small the bubble volume decreases 
with increase in liquid density (Khurana and Kumar, 1969). The gas density has 
negligible effect on the bubble volume compare with the liquid density (Kumar & 
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Kuloor, 1970).  
The bubble sizes are not dependent on the viscosity of liquids of low viscosity but 
dependent on the viscosity of liquids of high viscosity where the bubble size 
increases with increase in viscosity, the effect of viscosity diminishes for large 
diameters and higher gas velocities (Jamialahmadi et al., 2001; Kulkarni and Joshi, 
2005). The gas viscosity has negligible effect on bubble volume (Kumar & Kuloor 
1970). 
For large orifice diameter, higher density bubbles have faster detachment while for 
orifice diameter that are very small, the influence of the gas density on the 
detachment is negligible (Idogawa et al., 1987). The gas density has negligible effect 
on the bubble volume compare with the liquid density (Kumar & Kuloor 1970). 
Gas properties generally have negligible effect on the bubble size (Kumar & Kuloor 
1970), the gas composition has also been reported to have negligible effect on 
bubble size; the measured mean bubble sizes for helium, argon, and air in water 
were about the same (Bai & Thomas, 2001). 
The size or volume of a bubble depends so much on the orifice inner diameter with 
the flow through the orifice being proportional to its cross-sectional area as well as 
the extent of growth of the bubble (Satyanarayan et al., 1969; Kulkarni and Joshi, 
2005). The maximum possible bubble volume is determined by the external diameter 
of the orifice, because the contact angle of the bubble varies with the thickness of the 
orifice as a result of changes in the dynamic surface tension during bubble growth 
and this affects the detachment period of the bubble as well as its size (Kulkarni and 
Joshi, 2005; Liow, 2000).  The bubble volume increases with flow rate for large 
diameter orifices, while the effect of diameter in small orifices is negligible. Also for 
smaller orifice diameters, the detachment is faster for high gas flow rate, while the 
waiting time is longer at low gas flow rates (Kulkarni and Joshi, 2005).  
The volume of the orifice chamber also affects the size of the bubble; the volume of 
the bubble increases with chamber volume at all flow rate by almost the same 
amount, but this effect is more pronounced at low orifice submergence 
(Satyanarayan et al., 1969). In top submerged orifices, the bubble size is almost 
independent of the chamber volume because the back-pressure effect is nominal 
(Kulkarni and Joshi, 2005). For constant flow and constant pressure conditions, 
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submergence has a negligible effect on bubble volume (Kulkarni and Joshi, 
2005).The bubble size for top submerged orifice depends on the thickness of the 
orifice (Liow, 2000), they are larger than that of a bottom submerged orifice (Liow, 
2000; Szekely & Fang, 1971; Datta, Napier & Newitt, 1950).  
The wetting properties of the material of construction of the nozzle or orifice 
determine the contact angle which influences the bubble detachment time and hence 
size. To obtain smaller size bubbles, the orifice material should be wettable by the 
liquid (Kulkarni and Joshi (2005). 
These factors show the need to measure bubble sizes and the possibility of 
correlations reported in the literature not been suitable for bubble predicton, 
depending on factors considered in the derivation of the correlation. 
2.4.2.1 Correlation for Bubble Size Prediction 
Theoretical, empirical and semi-empirical correlations have been developed for 
prediction of bubble size; these were reviewed by Kumar & Kuloor (1970) and 
recently by Kulkarni & Joshi (2005).  
The correlations of Davidson and Schuler (1960), Davidson and Harrison (1963), and 
Kumar and Kuloor (1970), were based on the assumption of an inviscid liquid, they 
also neglect surface tension effects which were said to be negligible at high flow 
rates, so these correlations express the bubble size as a function of the gas 
volumetric flow rate only as described by equations 2.36, 2.37, and 2.38 respectively:  
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The correlation of Gaddis and Vogelpohl (1986) was developed from the balance of 
lifting and restraining forces involved in bubble formation in quiescent liquids under 
constant volumetric gas flow conditions, so it took into consideration the equipment, 
gas-liquid system and operating parameters which affect bubble size. The 
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comparison of results has shown that this correlation of equation 2.39 is the most 
suitable for the prediction of the sizes of bubbles formed in stagnant liquids (Kulkarni 
& Joshi, 2005): 
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In developing their correlation, Jamialahmadi et al. (2001) used a neural network 
approach to handle the non-linear dependence of various parameters on bubble size; 
results from their correlation agreed very well with experimental results. The 
correlation expresses the bubble diameter as a function of the nozzle inner diameter 
(
in
d ), gas volumetric flow rate, liquid density, viscosity, surface tension, and 
gravitational acceleration using dimensionless numbers (Bond, Froude, and Galileo) 
based on these parameters: 
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They also showed that their correlation has a greater degree of accuracy in the 
prediction of bubble size than the correlations of Davidson and Schuler (1960), 
Davidson and Harrison (1963), Kumar and Kuloor (1970), and Gaddis and Vogelpohl 
(1986). The percentage absolute average error obtained when experimental data 
were compared with the bubble size predicted by the correlations of Davidson and 
Schuler (1960), Davidson and Harrison (1963), Kumar and Kuloor (1970), and 
Gaddis and Vogelpohl (1986) were 18%, 15%, 19%, and 13%, respectively, 
compared to that of their own correlation which was 3.2%.  
Sano and Mori (1976) considered the non-wettability of nozzles in molten metal and 
showed that the size of bubbles formed from single nozzles submerged in molten 
metal can be predicted by the correlation of equation 2.44 using the nozzle outer 
diameter instead of the inner diameter. They reported close agreement of calculated 
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results with experimental results from air-mercury, nitrogen-mercury, air-molten 
silver, and oxygen-molten silver systems.   
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With respect to bubble shapes; bubbles could be spheres, spheroids, or spherical 
cap; bubbles less than about 1 mm are spherical and rise with a terminal velocity that 
is proportional to square of bubble diameter, those of intermediate sizes (ca. 2 – 15 
mm) are spheroidal, which oscillate and wobble as they rise, while those larger than 
15 mm are spherical cap shaped and rise steadily (Sherwood et al., 1975; Clift, 
Grace & Weber 1978). A spheroid is an ellipsoid of revolution obtained by rotating an 
ellipse about one of its principal axes; an elongated (prolate) spheroid with an aspect 
ratio (i.e. ratio of length projected on the axis of symmetry to the maximum diameter 
normal to the axis) greater than 1 is obtained when the ellipse is rotated about its 
major axis, while a flattened (oblate) spheroid with an aspect ratio less than 1 is 
obtained when it is rotated about the minor axis (Clift, Grace & Weber, 1978).  
The correlation of Wellek, Agrawal and Skelland (1966) may be used to estimate the 
bubble aspect ratio (E ) when the Eötvös number, Eo  (i.e. ratio of buoyancy force to 
surface tension force) is less than 40 and the Morton number, Mo (i.e. ratio of drag 
and gravitational forces to surface tension and inertial forces) is less than or equal to 
10-6: 
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Clift, Grace and Weber (1978) also presented a shape regime map based on the 
Morton, bubble Reynolds and Eötvös numbers, which could also be used to confirm 
the bubble characteristics. On the shape regime map, bubbles clearly have 
ellipsoidal shapes at relatively high Reynolds numbers and intermediate Eötvös 
number, and spherical-cap shape at high Reynolds and Eötvös numbers. The bubble 
Reynolds number (i.e. ratio of inertial force to viscous force) is defined as: 
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 The factors which affect the rise of a bubble in a liquid include the properties of the 
gas-liquid system such as density, viscosity, surface tension, concentration of solute, 
and density difference between gas and liquid, operating conditions such as 
temperature, pressure and gravity, bubble characteristics such as size and shape,  
and liquid motion (Kulkarni and Joshi, 2005). 
Kulkarni and Joshi (2005) have recently reviewed various correlations reported in the 
literature for the estimation of bubble terminal rise velocity. The Mendelson wave 
equation 2.49 has been shown to suitably predict the terminal rise velocity of 
ellipsoidal bubbles (and  shape bubbles) in molten metal (Mendelson, 1967; 
Schwerdtfeger, 1968; Zhang, Eckert & Gerbeth, 2005; Kulkarni & Joshi 2005):  
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2.4.3. Bubble Size Measurement 
Bubble size measurement has been done through different methods which include: 
photographic, optical probe, electrical conductivity (resistivity) probe, acoustic 
techniques, γ-ray and x-ray tomographies, magnetic resonance imaging, electrical 
capacitance tomography, and light scattering techniques such as laser doppler 
anemometry and particle image velocimetry.  
The photographic method of bubble size measurement involves taking and analyzing 
photographs of bubbles in a transparent liquid within a transparent container to 
obtain the bubble size (Kumar & Kuloor, 1970; Saxena et al., 1988; Tayali & Bates, 
1990; Kulkarni & Joshi, 2005; Majumder, Kundu & Mukherjee, 2006; Junker, 2006; 
Badam, Buwa & Durst, 2007). This usually requires measurement of bubbles visible 
at the outside wall of a transparent container (Junker, 2006) and is in general limited 
to relatively low voidages less than < 5% (Tayler et al., 2012). Since the photographic 
technique largely depends on the refractive index of the liquid and it has bias toward 
recording bubbles in the wall region, it is not suitable for opaque systems (Kulkarni, 
Joshi & Ramkrishna, 2004). Photographic methods are limited to transparent 
systems and cannot be employed in opaque liquids (Kumar & Kuloor, 1970). 
 Bubbles generate sounds upon formation and deformation so bubble sizes have 
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been determined using the acoustic (sound) signal produced by bubbles due to gas 
compression within the bubble as a result of the recoil of bubble neck on formation or 
deformation of bubble during its motion (Leighton & Walton, 1987; Leighton, Ramble 
& Phelps, 1997; Manasseh et al., 2001; Phelps & Leighton, 1996; Vazquez et al., 
2005).  
An optical probe can sense the change in the refractive index of the surrounding 
medium, so the difference in the refractive indices of the bubble and liquid phase is 
employed in determining the presence of a bubble at the tip of the probe (Saxena et 
al., 1988; Saberi & Shakourzadeh, 1995; Enrique Julia et al., 2005; Cartellier, 1992; 
Chabot, Lee & Soria, 1992). In this technique a beam of light is sent through the 
dispersion by a light source while the transmitted and/or scattered light is analyzed 
by a photocell/camera/electronic detector (Saxena et al., 1988; Magaud et al., 2001).  
The operation of optical probes is independent of the electrical properties of the 
medium surrounding the probe while bubble sizes, velocities and shapes may be 
measured by incorporating two or more probes in a compound probe using a suitable 
logic circuitry (Saxena et al., 1988). Being optical based, this method cannot handle 
opaque systems while errors in estimation of local residence time have been 
reported (Enrique Julia et al., 2005).  
The electrical conductivity (or resistivity) probe employs the difference in the electrical 
conductivity of the bubble and liquid phases to identify the phase that is 
instantaneously present at the sensitive tip of the probe (Neal & Bankoff, 1963; 
Saxena et al., 1988; Xie, Orsten & Oeters, 1992; Kalkach-Navarro et al., 1993; Hibiki 
et al., 2003). This probe measures the local instantaneous conductivity of the gas-
liquid mixture at the tip of the probe and individual bubbles are represented in the 
signal as periods of contact with the gaseous phase (Neil & Bankoff, 1963; Prasser, 
Scholz & Zippe, 2001). Double probes may be employed to determine the velocity 
(by evaluating the time of flight from the first probe tip to the second) which when 
combined with the contact period yield the chord length of the penetrated bubble 
from which the bubble diameter is determined (Prasser, Scholz & Zippe, 2001).  
Wire-mesh sensors which incorporate imaging in the measurement of the local 
instantaneous electrical conductivity of gas-liquid mixture have been recently 
employed in bubble size measurement (Prasser, Böttger & Zschau, 1998; Prasser, 
Scholz & Zippe, 2001; Prasser et al., 2007). Unlike the photographic and optical 
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probe techniques this method may be employed in opaque systems (Saxena et al, 
1988).  
Tomography or imaging techniques have also been employed for bubble size 
measurement, these include: nuclear magnetic resonance imaging (Holland et al., 
2011; Holland et al., 2012; Tayler et al., 2012), electrical capacitance tomography 
(Wang et al., 2010), x-ray tomography and γ-ray tomographies (Kumar & Kuloor, 
1970; Chaouki, Larachi & Dudukovic, 1997). These techniques provide cross-
sectional images of phase concentrations (Wang et al., 2010). The basic principles of 
these techniques have been discussed by Chaouki, Larachi & Dudukovic (1997).  
Even though the x-ray and γ-ray imaging are suitable for opaque systems, they are 
more expensive and also pose the danger of exposure to hazardous rays. The 
nuclear magnetic resonance imaging is a non-ionizing technique and also applicable 
to opaque systems (Chaouki, Larachi & Dudukovic, 1997) but measurements are 
slow to acquire which could lead to image blurring or distortion however there are 
ongoing research efforts to overcome this problem (Tayler et al., 2012; Gladden & 
Sederman, 2013).  
Light scattering techniques such as laser doppler anemometry (LDA) and particle 
imaging velocimetry (PIV) have also been employed to determine bubble sizes 
(Chaouki, Larachi & Dudukovic 1997; Kulkarni, Joshi & Ramkrishna, 2004; Delnoij et 
al., 2000). Both LDA and PIV are optically based and are also limited to low gas 
fractions (Tayler et al., 2012). 
Some of these techniques e.g. optical and electrical conductivity probes in which 
there is a physical contact between the bubble (or bubbly flow) and a component of 
the bubble measurement equipment are referred to as intrusive or invasive while 
those that do not involve such contact e.g. photographic, nuclear magnetic 
resonance imaging, LDA, electrical capacitance tomography, x-ray and γ-ray 
tomographies as non-intrusive (Kalkach-Navarro et al., 1993; Chaouki, Larachi & 
Dudukovic, 1997; Wang et al., 2010; Holland et al., 2011). 
The non-intrusive methods are limited to low gas fractions on the order of few percent 
or near wall observations due to increased interference between bubbles and light 
scattering by dense bubble swarms while the intrusive techniques interrupt the local 
flow behaviour, distort the local bubble size and shape, thus affecting the accuracy of 
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the measurements (Kalkach-Navarro et al., 1993; Prasser, Scholz & Zippe, 2001; 
Wang et al., 2010; Holland et al., 2011).  
Optical and photographic techniques are not suitable for opaque liquids while 
sensitive probes may be damaged in high-temperature or corrosive liquids 
(Manasseh, 2001). 
A pressure pulse technique which incorporates a differential pressure transducer for 
the measurement of bubble frequency seems attractive for the measurement of the 
sizes of bubbles injected into molten tin at high operating temperatures. This 
technique is non-invasive, non-optical based, non-hazardous, simple and 
inexpensive, and can handle opaque systems. It is based on the fact that during the 
formation of a bubble a pressure pulse is generated in the gas line when the bubble 
detaches from the nozzle. This pressure pulse is detected by the differential pressure 
transducer and then transformed to a voltage signal which is measured, recorded, 
and analysed to obtain the bubble formation frequency and subsequently the bubble 
size. 
2.5. Conclusions 
The conventional methane steam reforming process for hydrogen production is 
endothermic and uses a nickel catalyst which could be deactivated by sintering, 
carbon deposition, or poisoning by sulphur. The partial oxidation of methane is mildly 
exothermic but the use of oxygen involves separation from air by an expensive and 
energy intensive cryogenic process. A molten tin reformer is proposed which could 
separate oxygen from air in the first stage by absorption while the dissolved oxygen 
reacts with methane in the second step of a two-stage reforming process. 
Attempts by researchers to solve the problem of anode deactivation and subsequent 
degradation of cell performance by carbon deposition on the anode and poisoning by 
sulphur encountered in the direct utilization of hydrocarbons in SOFC involve the use 
of alternative anodes to the conventional Ni-YSZ anode,  this include the Cu-ceria-
YSZ and ceramic anodes. These anodes do not catalysed the formation of carbon, 
but the Cu-ceria-YSZ anodes undergo slow deactivation at temperatures above 700 
oC which results from the low thermal stability of the copper current collection layer 
(Jung et al., 2006) while the ceramic anodes exhibit poor performance on 
hydrocarbon fuels due to low catalytic activity for hydrocarbon oxidation (Gorte and 
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Vohs, 2009). Also the operating conditions for the cell with Cu-ceria-YSZ anodes 
must be carefully chosen to avoid the formation of Ce2O2S (McIntosh and Gorte, 
2004). 
Recent interest is in the use of molten tin anode because the tin anode does not 
catalyse carbon formation when operated directly on dry hydrocarbons and is not 
poisoned by sulphur. The Sn(l)-SOFC reported in the literature consisted of designs 
which employs a thin layer of tin as anodes, such designs are plagued by rapid oxide 
formation due to slow diffusion of oxygen atoms in such quiescent systems and 
sluggish fuel reaction with dissolved oxygen compared to tin oxidation. In systems 
where porous ceramic separators are used, the slow diffusion of gaseous fuel 
species heavier than hydrogen is a challenge to be overcome. In other designs in 
which the surface of the molten tin is simply exposed to the fuel, fuel oxygen reaction 
is limited to the exposed surface of the molten tin compared to a case where multiple 
bubble surface areas may be created for enhanced reaction of the fuel and dissolved 
oxygen atoms. Also, the kinetics of fuel (e.g. methane) bubble - [O]Sn reaction at the 
molten tin anode appeared not to have been investigated.  
A Sn(l)-SOFC design which incorporates a molten tin bath and fuel gas bubbling is 
expected to provide enhancement for oxygen diffusion in the molten tin, a higher 
capacity for oxygen storage and larger surface area for fuel-dissolved oxygen 
reaction. A methane-fuelled Sn(l)-SOFC is expected to avoid the problems of carbon 
deposition and sulphur poisoning encountered with the conventional Ni-YSZ anode.   
Oxygen dissolution and its solubility limit in molten tin are essential process and 
operating parameter respectively, to both the molten tin reformer and Sn(l)-SOFC 
considered in this project. The Sn-O phase diagrams and data for oxygen solubility in 
molten tin presented in the literature agree that oxygen may be dissolved in molten 
tin to a certain extent without oxide formation; however there are still discrepancies in 
the solubility limit of oxygen in molten tin and so it is essential to validate the solubility 
limit of oxygen in molten tin in the temperature range considered in this project.  
Oxygen pumping through solid oxide electrolyte and by exposure of the surface of 
molten tin to an overhead atmosphere of oxygen have been employed to dissolve 
oxygen in molten, but oxygen dissolution in molten tin by gas bubbling through it, 
appears not to have been considered. The course of oxygen dissolution in molten tin 
when bubbles containing oxygen are injected into it is required to monitor the process 
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of oxygen dissolution in the molten tin reformer. Hence, it is essential to describe the 
course of oxygen dissolution in molten tin when oxygen bubbles (or bubbles 
containing oxygen) are injected into it.  
The kinetics of oxygen dissolution in molten tin is required for reactor design, so it is 
also essential to define the kinetics of oxygen dissolution in molten tin when bubbles 
containing oxygen are injected into it. It appears the kinetics of oxygen bubble | 
molten tin interaction has not been described. 
Oxygen sensors are required to measure and monitor the concentration of oxygen in 
molten tin; solid oxide electrolyte (e.g. YSZ) is usually employed with reference 
electrodes which might be Pt/air, Ni/NiO, Cu/Cu2O, or Sn/SnO2. LSM is an 
established oxygen reduction catalyst which has been employed with YSZ 
electrolytes as SOFC cathodes so it offers an alternative to platinum which is more 
expensive. 
Both the operation of the molten tin reformer and Sn(l)-SOFC involves gas bubbling 
through the molten tin; bubble size and behaviour affect the chemical and physical 
interaction between the bubbles and molten metal and consequently affect the 
performance of the gas-liquid process. There are several factors which affect bubble 
size and behaviour which have not been adequately incorporated into some of the 
correlations available in the literature for bubble size predictions. Likewise, in many 
cases the liquid properties employed in model validation have properties which differ 
greatly from the properties of molten tin at the operating temperatures considered for 
the operation of the molten tin reformer and Sn(l)-SOFC in this project. Hence there is 
the need to characterize the bubble generated in molten tin at the high temperatures 
considered in this project.  
Bubble size measurement has been done through different methods including: 
photographic, optical probe, electrical conductivity (resistivity) probe, acoustic 
techniques, γ-ray and x-ray tomographies, magnetic resonance imaging, electrical 
capacitance tomography, and light scattering techniques such as laser doppler 
anemometry and particle image velocimetry. These techniques are either unable to 
handle opaque liquids, expensive, hazardous, invasive, or employ sensitive probes 
which could be damaged in high-temperature liquids. However a pressure pulse 
technique which incorporates a differential pressure transducer for the measurement 
of bubble frequency seems attractive for the measurement of the sizes of bubbles 
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injected into molten tin at high operating temperatures; this technique is non-invasive, 
non-optical based, non-hazardous, simple, inexpensive, and can handle opaque 
systems. 
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3. Methodology 
The methods, materials, and equipments employed in this study are described in this 
chapter. In the characterization of LSM-YSZ/LSM double-layered electrodes 
employed as oxygen sensor reference electrode and SOFC cathode, the electrical 
conductivities and microstructures of the electrodes were investigated by four-point 
probe resistance measurement and scanning electron microscopy respectively. 
Bubbles generated under various operating conditions of gas flow rates, temperature, 
and nozzle diameter, by a single alumina nozzle submerged in molten tin were 
characterized by a pressure pulse technique which employs a differential pressure 
transducer for bubble size measurement. The solid electrolyte potentiometric oxygen 
sensing technique and mass spectrometry were employed in the determination of the 
concentration of dissolved oxygen in molten tin and analysis of reaction gaseous 
products respectively. Other methods employed include cyclic voltammetry, 
electrochemical impedance spectroscopy, and chronoamperometry for the 
characterization of the performance of a Sn(l)-SOFC.  
3.1. Materials  
The materials used in this project included yttria stabilised zirconia (YSZ), lanthanum 
strontium manganite (LSM), LSM-YSZ composite, tin, air, helium, hydrogen, oxygen, 
methane, and an ink vehicle consisting of terpineol for reducing the viscosity of 
pastes. These materials are described in this section: 
 Yttria stabilised zirconia (YSZ) - 10% Y2O3-ZrO2: YSZ was used in form of both 
open-end and one end closed tubes. 
► Open end tubes: These are hollow fibres manufactured at the department 
of Chemical Engineering, Imperial College London. They had an outer 
diameter of ca. 1.3 mm and were opened at both ends. They were 
employed in the characterization of LSM, LSM-YSZ composite, and LSM-
YSZ/LSM double-layered electrodes for oxygen sensor and SOFC. 
► One end closed tubes: These were obtained from McDanel Advanced 
Ceramic Technologies, LLC, Pennsylvania, US. They were closed at one 
end, had an outer diameter of 6.35 mm, inner diameter of 4.78 mm and a 
length of 327 mm. 
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 Lanthanum Strontium Manganite (LSM) Paste: The LSM paste (LSM20-I) which 
was obtained from NexTech Materials (Fuelcellmaterials.com) Ohio, US,  
consisted of La0.80Sr0.20MnO3 with a solid content of 62 – 72 wt% and viscosity of 
15 - 40 Pa.s at 10 s-1 . 
 LSM-YSZ Composite Paste: This paste was made up of 50 wt% 
La0.80Sr0.20Mn03 and 50 wt% (Y2O3)0.08(ZrO2)0.92, consisted of a solid content of 60 
– 70 wt% and a viscosity of 15 - 40 Pa.s at 10 s-1. It was supplied by NexTech 
Materials, Ohio, US. 
 Ink Vehicle: This was also a product of NexTech Materials, it was a terpineol-
based solvent utilized to reduce the viscosities of the LSM and LSM-YSZ pastes 
during their applications. 
 Silver Wool: Silver wool which was 99.9+ % pure (metal basis) was obtained 
from Alfa Aesar.  
 Silver Wire: Silver wires which were 0.25 mm in diameter and 999.9 % pure 
(true metal basis) were from Sigma Aldrich. 
 Graphite rod: Graphite rods which were 3.05 mm in diameter, 305 mm long, and 
99.9995 % pure (metals basis) were obtained from Alfa Aesar. 
 Tin: Tin granules which had a maximum impurity of 0.05% antimony, 0.02% 
bismuth, 0.01% copper, 0.02% iron, and 0.05% lead, were obtained from Sigma 
Aldrich. 
 Gases: Gases which included helium (Grade A purity), hydrogen, methane 
(research grade, 100%) and oxygen were obtained from BOC Ltd, UK.   
 Air: Air was generated in the laboratory from a Chrompack AO100 air generator 
 Alumina tubes: Open ended, single bore alumina tubes of 3 mm outer diameter 
and 2 mm inner diameter were obtained from Almath Crucibles Limited, UK while 
those of 6 mm outer diameter and 4 mm inner diameter, were supplied by Multi-
lab Limited, UK.  
3.2. Methods and Equipments 
Experimental methods utilized in this study included: four-point probe resistance 
measurement technique, scanning electron microscopy, pressure pulse technique for 
bubble size measurement, solid electrolyte potentiometric oxygen sensing technique, 
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mass spectrometry, chronoamperometry, and electrochemical impedance 
spectroscopy.  
3.2.1.   Four-Point Probe Resistance Measurement  
This method of resistance measurement employs four wires instead of two (used in 
two probe measurement) for resistance measurement. In this method separate wires 
were used for the current and voltage probes. It involved passing a known amount of 
current through a sample whose resistance is being measured and then measuring 
the voltage drop across the sample using a voltmeter connected across it. This 
method offers a better resistance measurement than the two probe method; it was 
employed in the measurement of the resistance of LSM-YSZ/YSZ double-layered 
electrode for the electrical conductivity characterization. The arrangement of 
equipments is shown in Figure 3.1 and presented schematically in Figure 3.2. Silver 
wires were used to connect the electrodes to the voltage and current probes while 
silver paste was used to ensure good contact between the electrodes and the silver 
wires worn around it. 
Current was generated by applying a fixed potential between the working and 
reference electrodes of an AUTOLAB PGSTAT30 potentiostat, this potential was 
applied across a known resistor as shown in Figure 3.2. The applied potential was 
varied from 5 to 10 V while the potential drops due to the resistance of the measured 
length of the electrodes were measured using a Keithley precision multimeter. A 
resistor of 100 Ω was used for the LSM and LSM-YSZ/LSM double-layered 
electrodes while one of 1 kΩ was used for the LSM-YSZ composite electrode. The 
measured electrode resistance ( eR ) was then estimated from the current applied and 
voltage drop: 
 
measured
e
applied
V
R
I

 [3.1] 
The electrical conductivity ( e ) of the electrode was computed from equation 3.2 
using an average value of the measured resistances: 
  ee
e e
L
R A
   [3.2] 
Where eL  was the length of the electrode and eA  the area of current flow described 
by equation 3.3: 
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  2 2, ,4e od coated od uncoated
A D D

   [3.3] 
Where ,od uncoatedD  was the outer diameter of the un-coated electrolyte tube and 
,od coatedD  the outer diameter of the electrolyte after it had been coated with the LSM, 
LSM-YSZ composite, or LSM-YSZ/LSM double-layered electrode.   
The diameters were determined from scanning electron microscope (SEM) 
micrographs of the coated electrolyte tubes.  
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Figure 3.1: Arrangement of experimental 
equipments for the measurement of electrode 
resistance by the four-point probe resistance 
measurement technique 
Figure 3.2: Schematic of the arrangement of 
experimental equipments for the measurement 
of electrode resistance by the four-point probe 
resistance measurement technique 
3.2.2. Pressure Pulse Technique for Bubble Size Measurement 
In this section the method and equipments employed in the measurement of bubble 
size for the characterization of bubbles formed by a single nozzle submerged in a 
liquid (e.g. molten tin) are described. The measurement of bubble size is of uttermost 
importance in the characterization of bubbles. 
A pressure pulse technique which incorporates a differential pressure transducer for 
the measurement of bubble frequency was employed in this study. This technique is 
non-invasive, non-optical based, non-hazardous, simple and inexpensive, and can 
handle opaque systems. This technique is based on the phenomenon that during the 
formation of a bubble a pressure pulse is generated in the gas line when a bubble 
detaches from the nozzle/orifice. This pressure pulse was detected by the differential 
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pressure transducer and then transformed to a voltage signal which could be 
measured and recorded. An analysis of the recorded voltage signal was then done to 
obtain the bubble frequency. 
The equipments shown in Figure 3.3 were employed for the measurement of the 
bubble frequency by this pressure pulse technique; in the heart of these equipments 
is the differential pressure transducer obtained from Validyne Engineering (model 
P55D). A high-precision voltage meter from National Instruments was connected to 
the differential pressure transducer and a computer for the measurement and 
recording of the voltage signal.   
As shown in Figure 3.3, the gas line from a gas cylinder splits into two, one passes 
through a Bronkhorst mass flow controller (1) to one side of the transducer and then 
to the vent through a back pressure regulator (Porter Instrument Co. Inc, Hatfield, 
PA, USA). The second line passes through a second Bronkhorst mass flow controller 
(2) to the other side of the transducer and then through the molten tin to the vent. 
The same gas flow rate was set in the two mass flow controllers so that equal initial 
pressures were applied to the two sides of the pressure transducer.  
During bubble formation pressure pulses were generated due to bubble detachment, 
these were detected and transformed to voltage signals which were measured and 
recorded by the high-precision voltage meter connected to the pressure transducer 
and a computer. The mid-point of the voltage signal was set to zero during the 
bubble formation experiments by manipulating the back pressure regulator.  
Figure 3.4 shows the type of voltage signal obtained during the bubble formation 
experiments. Each peak above the zero mid-point represents a single bubble. 
Experiments were done with water using a gas flow rate of 5 ml min-1, the bubbles 
were visually counted while the measured voltage signal was been recorded, it was 
observed and thus confirmed that a single bubble corresponds to a peak of the 
voltage signal above the zero line. 
During the bubble measurement experiments, the voltage signal consisting of several 
peaks denoting bubbles generated at a submerged nozzle was recorded for a period 
of 1 minute to obtain the bubble frequency in min-1. Three sets of measured bubble 
frequencies were then averaged to define a data point. Figure 3.5, Figure 3.6, and 
Figure 3.7 show images of the experimental equipments employed in the bubble 
109 
 
frequency measurement experiments. 
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Figure 3.3: Schematic of the pressure pulse 
technique which incorporates a differential 
pressure transducer for bubble frequency 
measurement  
Figure 3.4: Voltage signal obtained during bubble 
generation (each peak depicts a single bubble) 
 
 
Figure 3.5: Arrangement of equipments for the measurement of 
frequency of bubble formation in molten tin  
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a. 
b.  
Figure 3.6: Data acquisition unit of the 
experimental equipments for bubble frequency 
measurement showing (1) the differential 
pressure transducer electronics, (2) a National 
Instrument voltmeter and (3) a computer 
Figure 3.7: (a). Back pressure regulator (b). 
Differential pressure transducer 
The bubble volume ( BV ) was subsequently computed from the bubble frequency ( f ):  
 ,G zB
V
V
f
  [3.4] 
where ,G zV  was the gas volumetric flow rate at the condition of temperature and 
pressure of the liquid at depth z : 
 ,
[ ( )]
G N L N
G
N N L
V T P
V
T P g h z

 
 [3.5] 
Where ,G NV  was the gas volumetric flow rate at the standard pressure NP  and 
temperature NT  while h  was the height (depth) of liquid in the crucible. L  was the 
density of the liquid at its temperature LT . Spherical bubble shape was assumed, so 
the equivalent bubble diameter was calculated from the bubble volume:  
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36
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 
  
 
 [3.6] 
3.2.3. Solid Electrolyte Potentiometric Oxygen Sensor for Molten Metals at 
High Temperatures 
The electrochemical measurement of oxygen activity or concentration in a medium 
may be done by employing an electrochemical cell known as oxygen sensor which 
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consists of two electrodes and an electrolyte. One electrode is the reference which 
has a constant activity of the oxygen while the other is the working or indicator 
electrode which is exposed to the medium with the unknown oxygen concentration. 
The electrolyte is an oxygen ion conductor which physically separates the two 
electrode compartments but permits oxygen ion to be transported through it from the 
high concentration electrode to the low concentration one.   
In this study 10.5% Y2O3 doped zirconia (10.5% Y2O3-ZrO2) electrolyte tube closed at 
one end was used. The LSM-YSZ/LSM double-layered electrode, being an 
established SOFC cathode, was employed as the reference electrode for the oxygen 
sensor. This double-layered electrode consisted of a lanthanum strontium manganite 
(LSM) layer on an LSM-YSZ composite layer and air was the reference gas. The 
same electrode was the cathode in the Sn(l)-SOFC reported later in this thesis.The 
molten tin was the working or indicator electrode.  Silver wire and graphite rod were 
used as the leads for the reference and working (tin) electrodes respectively. 
3.2.3.1 Theory 
A solid electrolyte potentiometric oxygen sensor represented by cell (I) was 
employed in this study: 
 2 3 2 ( ), , ||10% || ,[ ]l Snair LSM LSM YSZ Y O ZrO Sn O   (I) 
Owing to the difference in the partial pressures of oxygen in the reference and 
working electrodes, and the resultant oxygen ion conduction inside the YSZ 
electrolyte, an electromotive force was established across the electrolyte. This open 
circuit cell potential difference (electromotive force) was measured when the two 
electrodes were connected by the silver wire and graphite rod (leads) to a high 
impedance voltmeter. 
The partial pressure of oxygen at the reference electrode was constant so the 
measured changes in the cell potential difference were due only to changes in the 
activity of oxygen in the molten tin. The Nernst equation relates the electromotive 
force (emf) and the oxygen partial pressures at the two electrodes: 
 2,
2,
ln
4
Sn
ref
O
O
PRT
emf
F P
  [3.7] 
Where 
2,refO
P  and 
2,SnO
P
 
are the partial pressures of oxygen at the reference electrode 
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and at equilibrium with the dissolved oxygen in molten tin respectively. T  is the 
absolute temperature, F  is the Faraday constant and R  is the universal gas 
constant. For a reference electrode that uses air as a reference gas, the partial 
pressure of oxygen at such reference electrode is 0.21. For a reference electrode 
which is a metal/metal oxide mix, the partial pressure of oxygen at such electrode is 
the partial pressure of oxygen in equilibrium with the metal and the metal oxide.  
The dissolution of oxygen in molten metal e.g. tin is described as:  
 2
1
( ) [ ]
2 Sn
O g O  [3.8] 
The Sievert law relates the partial pressure of oxygen in equilibrium with the 
dissolved oxygen in the molten tin with the activity of the dissolved oxygen [ ]SnOa :  
 1
2
2,
0
[ ] ,[ ]ln Sn Sn
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RTP
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  
 [3.9] 
Where 0,[ ]SnT OG  is the Gibbs energy change for the dissolution of oxygen in molten 
tin. Several temperature (K) dependency of the Gibbs energy change for oxygen 
dissolution in molten tin have been reported in the literature which are compared in 
the appendix; the correlation reported by Otsuka, Sano and Kozuka (1981) was used 
in this study:  
 0 -1,[ ]  J mol 176,300 20.52SnT OG T     [3.10] 
The dissolution of oxygen in molten tin follows the Henry law, so: 
 [ ] [ ] [ ]Sn Sn SnO O Oa y x  [3.11] 
[ ]SnO
y  is the activity coefficient while [ ]SnOx  is the mole fraction of oxygen atoms in the 
molten tin. A standard condition of 1 atom% solution is assumed and the activity and 
mole fraction are in atom%. For an infinitely dilute solution; at low concentration of 
oxygen in molten tin there is no noticeable deviation of the real behaviour of solution 
from the Henry law, the activity coefficient has the value of one and the activity 
equals the mole fraction of oxygen in molten tin (Kunstler et al., 2000). Hence, 
equation 3.9 may be written in terms of the mole fraction of oxygen in molten tin as: 
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On substituting equation 3.12 for the partial pressure of oxygen at the molten tin 
electrode ( 12
2,SnO
P ) in equation 3.7, the mole fraction of dissolved oxygen atom in 
molten tin may be related to the measured emf: 
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 [3.13] 
Equation 3.13 was used to calculate the activity or concentration (atom %) of 
dissolved oxygen in molten at any given instant from the instantaneously recorded 
value of the electromotive force.  
The transfer of oxygen across a solid oxide electrolyte | molten metal interface is 
much more rapid than its transfer in the molten metal, so during the oxidation and 
deoxidation of oxygen equilibrium is always maintained at the molten metal | solid 
electrolyte interface and the emf of the cell is directly related to the average 
concentration of oxygen in the molten metal when complete stirring is induced by 
bubbling (Ali and Ray, 1974). Hence the oxygen concentration data obtained from 
measured emf defines the kinetics of the bubble-molten metal interaction. 
3.2.3.2 Sensor Design and Fabrication  
The oxygen sensors employed in this study consisted of 10.5 mol% yttria doped 
zirconia (10 mol% YSZ) tubes closed at one end and LSM-YSZ/LSM double-layered 
reference electrode fabricated on the inside of the tubes. 
The solid electrolyte tubes had an outer diameter of 6.35 mm, an inner diameter of 
4.78 mm and a length of 327 mm. The LSM-YSZ/LSM double-layered reference 
electrode has both chemical and thermal compatibility with YSZ electrolyte and it is a 
good oxygen reduction catalyst which has been employed in solid oxide fuel cells 
(Ormerod, 2003). 
The LSM-YSZ/LSM reference electrode was first characterized by SEM 
determination of its microstructure and four-point probe resistance measurement for 
the electrical conductivity before it was employed as the reference electrode for the 
oxygen sensor. The characterization results are presented and discussed in Chapter 
4.  
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Silver wire was used as the current collector (or lead) for the reference electrode 
while graphite rod was used as the current collector for the molten tin. Silver wool 
was also inserted inside the YSZ tube to enhance the contact between the reference 
electrode and silver wire.  
Graphite current collector was used for the molten tin because metals such as gold, 
platinum and silver dissolve in molten tin at high temperatures (Abernathy et al., 
2011). 
LSM deposited on alumina tube was tested as a current collector for molten tin; it 
was observed that the measured potential difference was not stable as this electrode 
dissociated at low partial pressure of oxygen into the oxides of lanthanum, strontium 
and manganese (Kuo, Anderson & Sparlin, 1989). The resistance of the LSM 
material was observed to have increased after heating at 800 oC at a low partial 
pressure of oxygen (present in a reactor that was continuously purged with helium). 
When the electrode was reheated again in a stream of air at 1100 oC for 3 hours, a 
decrease in the resistance was achieved confirming that the LSM dissociated under 
reducing atmosphere into the oxides of lanthanum, strontium and manganese.  
Kuo, Anderson & Sparlin (1989) studied the oxidation-reduction of undoped and Sr-
doped LaMnO3 and reported that the Sr-doped LaMnO3 dissociated under very 
reducing condition into La2O3, MnO, SrMnO3, and La2MnO4. They also mentioned 
that these reduction products were reversed to the original Sr-doped LaMnO3 when 
they were heated in oxygen atmosphere. 
This implies that LSM was not a suitable current collector for the molten tin anode in 
the reducing atmosphere of methane and hydrogen gases used in this study. 
Stainless steel rod was also attempted but this gave unstable voltage readings as the 
metal dissolved in the molten tin. 
Hence, graphite was used because it did not dissolve in molten tin and was observed 
to be stable in both reducing and oxidizing atmosphere that it was exposed to in the 
reactor. A 3 mm graphite rod was used with a small surface area exposed to the 
molten tin. The solubility of oxygen in molten tin at the operating temperature range 
employed in this study was small (Belford & Alcock, 1965) and graphite was 
observed to be kinetically stable in the molten tin during the oxygen dissolution 
experiments; a mass spectrometer was used to analyse the exhaust gas during the 
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oxygen dissolution experiments and neither carbon monoxide nor carbon dioxide was 
observed in the exhaust gas showing that the rate of oxidation of the graphite rod 
current collector was very negligible and did not affect the measured potential 
differences. Stable voltage readings were also obtained during the experiments 
unlike when LSM and stainless steel rod were used.  
In fabricating the sensor; the inside of the YSZ tube was cleaned with dilute nitric 
acid, rinsed thoroughly with de-ionized water and then dried. Some vehicle ink was 
added to the LSM-YSZ composite paste in order to reduce its viscosity; 58.8 wt% 
paste and 41.2 wt% ink vehicle were mixed thoroughly to obtain a smooth paste.  
The resulting less viscous paste was then poured inside the tube using a syringe until 
the inside of the tube was completely filled up with the paste. The paste was left in 
the tube for ca. 1 hr before it was drained out leaving a coat of the paste on the 
inside of the tube. The coated tube was then dried completely at room temperature 
before it was sintered in air at 1100 oC for 3 hours. A Carbolite STF 15/76 furnace 
was used for the sintering 
The viscosity of the pure LSM paste was also reduced by mixing some ink vehicle 
with it; 76.9 wt% paste and 23.1 wt% ink vehicle were used. The thinned paste was 
then poured inside the tube (which had been previously coated with LSM-YSZ and 
sintered) and left for ca. 1 hr before the excess paste was poured out so that a coat 
of the LSM paste was also formed inside the tube on the already sintered LSM-YSZ 
layer. The coated tube was then left to dry completely at room temperature and then 
sintered in air at 1100 oC for 3 hours. A good adhesion of the electrode to the 
electrolyte was observed after the sintering processes. 
Alternatively; the tube was coated with a first layer of LSM-YSZ composite paste as 
earlier described, dried but not sintered, instead the second layer of LSM was 
similarly applied and dried before both layers were sintered together once in air at 
1100 oC for 3 hours. Similar functional sensors were obtained in this later case as the 
former.  
Figure 3.8 shows the schematic of the solid electrolyte potentiometric oxygen sensor 
in a molten tin reactor while Figure 3.9 shows the SEM micrograph of the LSM-
YSZ/LSM double-layered electrode on the YSZ electrolyte. An Agilent high input 
impedance multimeter which has a software for continuous computer acquisition of 
data was connected to the silver wire and graphite rod leads and used to measure 
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and record the sensor voltage output. There was no catalyst on the outer surface of 
the YSZ electrolyte tube, so the sensor sensed only the composition differences 
between the molten tin and the internal gas (air at the reference electrode) at the 
temperature of the tin. 
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Figure 3.8: Schematic of a solid electrolyte 
potentiometric oxygen sensor in a molten tin 
reactor 
Figure 3.9: SEM micrograph showing LSM-
YSZ/LSM double-layered electrode on YSZ 
electrolyte 
The thermoelectric emf between the graphite and silver leads employed in the molten 
tin and reference electrode respectively was calculated from:  
  
high
low
T
thermoeletric c AgT
emf S S dT   [3.14] 
Where cS  and AgS  were the Seebeck coefficients of carbon and silver respectively, 
while highT  was the molten tin temperature and lowT  the room temperature. The emfs 
measured from experiments were corrected for the thermoelectric emf. The 
thermoelectric emfs were in the range 2.363 – 2.887 mV for the temperature range 
973 – 1123 K considered in this study. 
3.2.4. Molten Tin Reactor 
Figure 3.10 and Figure 3.11 show images of the molten tin reactor employed in this 
project; it consisted of an alumina crucible (which had a height of 300 mm, an inner 
diameter of 35 mm and a thickness of 5 mm), stainless steel flanges with silicon o-
ring, and a stainless steel cover which had ports for the YSZ tube, graphite current 
collector and alumina gas (feed) tubings. As shown in Figure 3.11, the reactor cover 
had a handle which could be screwed on to open or seal the reactor, another handle 
was attached to the flanges and used for lifting the crucible in and out of the furnace 
while a third handle could be attached for manipulating the crucible when pouring out 
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the molten tin. Figure 3.12 shows the reactor cover with the attached YSZ tube 
(coated inside with LSM-YSZ/LSM double-layered electrode), graphite current 
collector and alumina tubes (for gas feed to the reactor). 
A stainless steel sheath K type thermocouple from RS component was used to 
calibrate the molten tin temperature with the furnace temperature setting. In some 
preliminary experiments it was observed that the molten tin dissolved the 
components of this thermocouple when it was left in it for a long time, so in all 
experiments involving molten tin reported in this thesis, the thermocouple did not 
remain inside the molten tin at all times. 
The reactor could not be operated for a very long time at temperatures higher than 
850 oC due to the silicon o-ring used in the flanges melting and detaching from the 
alumina crucible; this limited the maximum temperature (that the reactor could be 
safely and successfully operated) for some experiments to 850 oC. 
 
   
Figure 3.10: Image of the laboratory molten tin 
reactor   
Figure 3.11: Complete image of the laboratory 
molten tin reactor showing the handles 
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Alumina tube 1 Alumina tube 2  
Figure 3.12: Reactor cover with YSZ tube (coated inside with 
LSM-YSZ/LSM double-layered electrode), graphite current 
collector and alumina tubes (for gas feed to reactor) fixed to it 
3.2.5. Experimental Equipments for Oxygen Dissolution in Molten Tin and 
Reactions of Dissolved Oxygen with Methane or Hydrogen 
The arrangement of experimental equipments described schematically in Figure 3.13 
was employed in the dissolution of oxygen in molten tin. The design and fabrication 
of the potentiometric oxygen sensor which consisted of a one-end closed YSZ 
electrolyte tube coated on the inside with LSM-YSZ/LSM double-layered reference 
electrode have been discussed in previous section. The depth of molten tin in the 
alumina crucible was ca. 115 mm while the tip of the alumina feed tube (nozzle) was 
ca. 100 mm below the surface of the molten tin. The sensor reference electrode was 
exposed to air at a flow rate of 30 ml min-1. The YSZ electrolyte tube base (closed 
end) was immersed ca. 65 mm below the molten tin surface while the graphite rod 
was dipped ca. 20 mm below the molten tin surface.  
Electronic mass flow controllers manufactured by Bronkhorst (UK) Ltd, were used to 
set the gas flow rates, a pressure gauge in the reactor exit line was used to monitor 
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the reactor pressure, while a mass spectrometer was connected to analyse the 
reactor exhaust gases. 
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H2  
Figure 3.13: Arrangement of equipments for the dissolution of oxygen in molten tin and reactions of 
methane or hydrogen with dissolved oxygen in molten tin 
3.2.6. Equipments for Fuel Cell Experiments 
The laboratory molten tin reactor described previously was employed in the Sn(l)-
SOFC investigated in this project, the YSZ tube earlier described was also the SOFC 
electrolyte while the LSM-YSZ/LSM double-layered electrode was the cathode and 
molten tin the anode. Silver wire was used as the current collector for the cathode 
while graphite rod was used as the current collector for the molten tin anode. Silver 
wool was also inserted inside the YSZ tube to enhance the contact between the 
cathode and silver wire. An AUTOLAB PGSTAT30 potentiostat was used in this 
study; the cathode current collector was connected to the counter and reference 
electrodes of the potentiostat while the anode current collector was connected to the 
working and sense electrodes. 
Figure 3.14 shows the arrangement of equipments for the operation of the Sn(l)-
SOFC with either helium, hydrogen or methane.The depth of molten tin in the 
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alumina crucible was ca. 115 mm while the closed end of the YSZ tube was dipped 
ca. 65 mm below the surface of the molten tin. Air was fed to the cathode at a flow 
rate of 30 ml min-1.  
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Figure 3.14: Arrangement of equipments for the operation of the Sn(l)-SOFC with methane or 
hydrogen 
 
3.2.7. Mass Spectrometry 
This is an analytical technique employed in the qualitative and quantitative analysis 
of reaction gaseous species involved in this study. The technique involves the use of 
a mass spectrometer for sample analysis through the measurement of the mass-to-
charge (m/z) ratio of charged ions. The sample to be analysed which is a vapour (or 
has been vaporized) is first ionized, then separated by mass-to-charge ratio and 
finally detected (Anderson, Bendell & Groundwater, 2004). The mass spectrometer 
consists of a sample inlet system, ion source, mass analyser, and ion detector. It 
provides information in form of a mass spectrum which is a plot of ion intensity versus 
the mass-to-charge ratio that could be used to identify and quantify the components 
of the sample (Henderson & McIndoe, 2005). A GeneSys 200D Mass Spectrometer 
with software for computer data acquisition was used in this study to measure and 
record the time dependency of the ion currents for reaction gaseous species. 
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3.2.8. Scanning Electron Microscopy 
This method involves the use of a scanning electron microscope (SEM) for the 
imaging and analysis of a material by scanning it with a focused beam of electrons in 
a raster scan pattern in order to investigate its surface topography and composition. 
The SEM has a large depth of field so the micrographs obtained are able to show the 
details of the porous structure of the scanned materials with the size and shape of 
the pores (Goldstein et al., 2003). So this method was employed in the study of the 
microstructure of the LSM-YSZ and LSM electrodes.  
The scanning electron microscope consists of an electron gun, a lens system, a 
deflection system, an electron detector, a visual and photo-recording cathode ray 
tubes and associated electronics. The SEM can be employed for composition 
analysis of a material when equipped with an energy-dispersive and/or wavelength 
dispersive x-ray spectrometer.  
The electron gun generates and accelerates electrons with energy in the range 0.1 to 
30 keV which travel through an evacuated tube (about 10-4 Pa) and are focused by 
the lens system on the material such that the electron beam interacts with the 
material producing signals which form an image. Low accelerating voltages (≤ 5 kV) 
are used to obtain detailed information about the surface of the material while higher 
accelerating voltages (15 - 30 kV) are used for the interior of the material. Several 
types of these signals are produced which include secondary electrons, 
backscattered electrons, characteristics x-rays, cathode-luminescence, specimen 
current, and transmitted electrons but the secondary electrons and the backscattered 
electrons are the two signals mostly used for SEM imaging. The deflection system 
makes the electron beam to move over the material in a raster scan pattern while the 
electron detector system collects the signals and convert them to point-by-point 
intensity changes on the viewing screen thus producing an image (Goldstein et al., 
2003; Ludwig, 1998). 
A Leo Gemini 1525 high resolution field emission gun scanning electron microscope 
was used in this study. Electrically nonconductive materials must be coated with 
materials that are electrically conducting such as chromium, gold, palladium or 
platinum to prevent static electric fields accumulating at the material during imaging 
(Goldstein et al, 2003). Therefore, the LSM-YSZ and LSM electrode materials were 
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first coated with an ultrathin coating of chromium which was deposited on the 
samples by low vacuum sputter coating before the SEM imaging. An acceleration 
voltage of 5 kV was used for the imaging.  The SEM micrographs obtained in this 
study show very high resolution images of the surface of the electrodes which 
provided information on the microstructures. SEM micrograph was also used to 
determine the thickness of the electrodes.  
3.2.9. Chronoamperometry 
This is a potential step technique employed in the study of the working electrode; it 
involves the application of a set potential to the electrode while measuring the current 
as a function of time. The Potentiostat is used to step the potential of the working 
electrode from an initial value E1 at which no faradaic reaction occurs to a new value 
E2 at which the surface concentration of the electroactive species is effectively zero 
while the current is observed to decay exponentially with time (Wang, 2000). In this 
study the initial potential E1 was the open circuit potential of the cell. This method 
was employed to study the cell processes that occurred at the molten tin anode at 
different set potentials including that which corresponded to the peak current density. 
This was to investigate the stability of the fuel cell performance when a constant 
potential was applied to it for a period of time.  
3.2.10. Cyclic Voltammetry 
This is a potential sweep technique employed in the study of the molten tin anode 
SOFC. It involves ramping (changing) the working electrode potential linearly with 
time from an initial value E1 to another value E2 then back to the initial value E1 while 
recording the current. Several cycles may be set and recorded. In this study 2 to 4 
cycles were used, the initial potential was the open circuit potential while the second 
potential was zero, so the potential was ramped using a ramp rate of 100 mV s-1 from 
the open circuit voltage to zero and back to the open circuit voltage. This technique 
yields current-voltage curves which possess features characteristic of the reaction 
mechanism and kinetic conditions.  
3.2.11. Electrochemical Impedance Spectroscopy 
This method involves the application of a small amplitude periodic electrical 
perturbation to an electrochemical cell while monitoring its electrical response over a 
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range of perturbation frequencies. An equivalent electrical circuit which imitates the 
electrical behaviour of the cell is constructed and its components are related to major 
chemical or physical characteristics of the electrochemical system (Baird & Faulkner, 
2001; Zoski, 2007). The variation of the impedance of the electrochemical cell with 
frequency is usually of interest, this electrochemical impedance is defined as: 
 cellcell
cell
E
Z
i
  [3.14] 
cellE  is the potential across the cell and celli  is the current circulating through the cell. 
The measurement is usually done near equilibrium over a wide range of frequency 
resulting in the construction of an impedance spectrum (Bard & Faulkner, 2001). The 
impedance-frequency relationship may be displayed in a Nyquist plot or Bode plot. In 
a Nyquist plot, Zim versus Zre is plotted for different values of frequency while in a 
Bode plot log (|Z|) and phase angle are plotted versus log (frequency) or log (|Zre|) 
and log (|Zim|) versus log (frequency).  
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4. Characterisation of LSM, LSM-YSZ Composite and LSM-
YSZ/LSM Double-layered Electrodes Fabricated by Dip Coating 
As previously mentioned in Chapter 2, the most commonly used cathode for zirconia 
electrolyte based solid oxide fuel cells is strontium-doped lanthanum manganite 
(LSM) – 1 3x xLa Sr MnO  because it is chemically stable in oxidizing environments, has 
sufficient electrical conductivity at the high operating temperature, high catalytic 
activity for oxygen reduction and a close thermal expansion match with YSZ 
electrolyte (Singhal, 2000; Ormerod, 2003; Autunes et al., 2010; Minh, 1993). Two 
cathode layers are usually used; the first layer is a composite of LSM and YSZ (LSM-
YSZ) which extends the active triple-phase boundary, improves the thermal match of 
the cathode with the zirconia electrolyte, enhances the porosity and resistance to 
sintering and also possesses the required electronic conductivity, while the second is 
LSM alone that functions mainly as the more highly conducting current collection 
layer (Singhal, 2000; Ormerod, 2003; Vohs & Gorte, 2005; Piao et al., 2008). 
The porous cathode’s performance depends on the microstructural characteristics 
such as particle size, pore size and pore distribution, in addition to its chemical, 
structural, and thermodynamic properties (Marinsek, 2009; Nicolella et al., 2009). The 
electrical conductivity of a dense material is altered when it is made porous 
(Marinsek, 2009); the apparent electrical conductivity of a porous solid is a function of 
the relative density and degree of connection between the particles along the 
potential gradient (Mizusaki et al., 1996).  
The method as well as the processing parameters employed in the fabrication of the 
electrode affects its microstructure and electrical conductivity (Piao et al., 2008). The 
fabrication of the electrode involves sintering which requires heating the material at a 
high temperature (e.g. 1100 oC) for a period of time (e.g. 3 hours) sufficient for its 
constituent particles to adhere together. Likewise, the sintering temperature and time 
affect the electrode properties such as microstructure, electrical conductivity, 
reactivity of LSM with YSZ, and adhesion of the porous electrode to the YSZ 
electrolyte (Jørgensen et al., 2001; Haanappel et al., 2005; Soderberg et al., 2009). 
Hence, it was necessary to determine the effect of electrode sintering temperature on 
the microstructure and electrical conductivity of the LSM-YSZ/LSM double-layered 
electrode fabricated by dip-coating which was employed in this study as the cathode 
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and reference electrode of the Sn(l)-SOFC and YSZ electrolyte potentiometric oxygen 
sensor respectively.   
The method of electrode fabrication employed in this characterization was dip-
coating, because it mimicked the technique (described in chapter 3) used in 
fabricating the LSM-YSZ/LSM double-layered electrode on the inside of the long (327 
mm) YSZ electrolyte tube of the electrochemical cells considered in this study. The 
characterization was done by measuring the electrical resistance at different 
temperatures and taking SEM images of the sintered electrodes. The electrical 
resistance of each electrode was measured by the direct current four-point probe 
method while the electrical conductivity ( ) was computed from the measured 
resistance, electrode length and the area of current flow, as described in Chapter 3. 
The relationship between the electrical conductivity and operating (measurement) 
temperature was expressed by the Arrhenius equation for electrical conductivity: 
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 [4.1] 
Where o  was the pre-exponential factor, aE  the activation energy for electrical 
conductivity, T  was the absolute temperature, and Bk  the Boltzmann constant. The 
activation energy for electrical conductivity was obtained from the slope of the plot of 
  ln T  versus the reciprocal of the absolute temperature. 
Three different electrodes fabricated by dip-coating were investigated: 
I. LSM fabricated directly on the YSZ electrolyte tube 
II. LSM-YSZ composite fabricated directly on the YSZ electrolyte tube 
III. Double-layered LSM-YSZ/LSM consisting of a first layer of LSM-YSZ on YSZ 
electrolyte tube and a second layer of LSM on the LSM-YSZ composite 
4.1.1. Experimental Procedure  
Four sets of samples (A, B, C, D) were prepared to measure the electrical resistance 
of the electrode. The paste used in each set of samples was diluted with the ink 
vehicle to reduce the viscosity of the original paste and make it suitable for use. 
58.8 wt% paste and 41.2 wt% ink vehicle was used for the LSM-YSZ paste, while 
76.9 wt% paste and 23.1 wt% ink vehicle was used for the LSM paste. Only the LSM 
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paste was used for sample A in order to characterize the LSM electrode, while for 
sample B, only the composite LSM-YSZ paste was used in order to characterize the 
LSM-YSZ composite electrode. For samples C and D both pastes were used in order 
to characterize a double-layered electrode that consisted of a first layer of LSM-YSZ 
on the YSZ tube and a second layer of LSM on the LSM-YSZ layer.   
Sample A: Five sets of YSZ tubes were dip-coated with only LSM paste and allowed 
to dry at room temperature. These sets of samples were sintered at different 
temperatures of 1000 oC, 1050 oC, 1100 oC, 1150 oC, and 1200 oC for 3 hours in air. 
The sintering temperature was limited to 1200 oC to avoid the formation of lanthanum 
or strontium zirconates that could lower the conductivity of the electrode (Jacobson, 
2009; Ormerod, 2003; Yang, Wei & Roosen, 2004).  
Sample B: Five sets of YSZ tubes were dip-coated with only LSM-YSZ paste and 
allowed to dry at room temperature. These sets of samples were also sintered at 
different temperatures of 1000 oC, 1050 oC, 1100 oC, 1150 oC, and 1200o C for 3 
hours in air.  
Sample C: Five sets of YSZ tubes were dip-coated with the LSM/YSZ paste and 
allowed to dry at room temperature. After complete drying of the first layer each set of 
tubes was dip-coated again with LSM paste, dried and then sintered at different 
temperatures of 1000 oC, 1050 oC, 1100 oC, 1150 oC, and 1200 oC for 3 hours in air. 
This was to investigate the electrical conductivity and microstructure of the LSM-
YSZ/LSM double layer electrode sintered once. 
Sample D: In this case, five sets of YSZ tubes were dip-coated with the LSM-YSZ 
paste, dried and sintered at different temperatures of 1000 oC, 1050 oC, 1100 oC, 
1150 oC, and 1200 oC for 3 hours in air. After sintering the first layer, a second layer 
of LSM paste was applied by dip-coating the tubes again. The sintering process was 
then repeated after the tubes had being dried. This was to investigate the electrical 
conductivity and microstructure of the LSM-YSZ/LSM double layer electrode sintered 
twice. 
After sintering, the resistance of 30 mm length of each electrode was measured in 
the temperature range 650 – 1073 K using the four point probe resistance 
measurement technique and equipments described in chapter 5. The tubes were 
then broken into smaller lengths and a Leo 1525 Scanning Electron Microscope 
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(SEM) used to take a high resolution image of the cross section of each tube in order 
to determine the diameter of the coated tube and study the microstructure of the 
fabricated electrode.  
4.1.2. Results and Discussion 
The electrical conductivities and SEM images for each of the samples are presented 
and discussed in this section. Figure 4.1 shows the SEM micrograph of a typical 
electrode fabricated on microtubular YSZ electrolyte. 
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Figure 4.1: SEM micrograph of a typical 
electrode fabricated on microtubular YSZ 
electrolyte by dip-coating 
Figure 4.2: SEM micrograph of LSM electrode 
fabricated on YSZ electrolyte tube by dip coating 
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Figure 4.3: Temperature dependence of the 
apparent electrical conductivity (σ) of LSM 
electrode fabricated by dip-coating 
Figure 4.4: Plot of ln (σ.Т) versus reciprocal of 
absolute temperature for LSM electrode fabricated 
by dip-coating 
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4.1.2.1 Electrical Conductivity and Microstructure of LSM Electrode fabricated 
by Dip-coating 
Figure 4.2 shows the SEM micrograph of LSM electrode fabricated on YSZ 
electrolyte by dip-coating; there was a good adhesion of the porous LSM layer to the 
dense YSZ substrate. As shown in Figure 4.3, the apparent electrical conductivity   
of the LSM electrode increased with increasing operating (measurement) 
temperature in the range 673 – 1073 K and with increasing sintering temperature in 
the range 1273 – 1473 K. The observed increase in apparent electrical conductivity 
with increased operating temperature was due to the fact that the electrical 
conductivity of a semiconductor increases with increasing temperature (Marinsek, 
2009). Figure 4.4 shows that the plot of ln (σ.Т) versus reciprocal of absolute 
operating temperature for the LSM electrode at each of the sintering temperatures is 
linear; a good fit of the data to equation 7.1 means that the relationship between the 
operating temperature and apparent electrical conductivity may be defined by the 
Arrhenius equation for electrical conductivity. Activation energies for conductivity 
were derived as 10.2 to 14.2 kJ mol-1 (0.18 – 0.26 eV).  
The electrical conductivities of LSM electrode obtained in this study were higher than 
those reported by Yang, Wei and Roosen (2003) for 0.65 0.3 3La Sr MnO ; they reported an 
electrical conductivity of 208 S m-1 at 200 oC and 350 S m-1 at 1000 oC and activation 
energy for conduction of 9.6 kJ mol-1 for this LSM which was sintered at 1400 oC for 1 
hour. Marinsek (2009) studied the electrical conductivity of 0.85 0.15 3La Sr MnO  sintered at 
various temperatures in the range 1000 - 1330 oC for 1 hour and reported apparent 
electrical conductivities in the range 0.1103 – 6.5103 S m-1 for the operating 
temperature range 20 – 800 oC and electrode relative density of 57.29 to 99.58 % 
(i.e. porosity of 42.71 to 0.42 %). The magnitudes of the apparent electrical 
conductivities of sintered LSM obtained in this study are similar to those reported by 
Marinsek (2009). They are also similar to those reported by Jiang, Love and 
Apateanu (2003)  for 0.72 0.18 3La Sr MnO  sintered in air at 1150 
oC, which were in the 
range 3.4103 – 5.6103 S m-1.  
Figure 4.5 shows the SEM micrographs for electrodes sintered at different 
temperatures in the range 1273 - 1473 K considered. There was homogeneous 
distribution of particles and pores in these LSM electrodes fabricated by dip-coating. 
The particle size and density of the LSM electrode increased, while the porosity  
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Figure 4.5: SEM micrographs of LSM electrodes fabricated by dip-coating and sintered at different 
temperatures in the range 1000 – 1200 oC. 
decreased with increasing sintering temperature. The homogeneity in particle and 
pore distribution also decreased with increasing sintering temperature. Similar 
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findings have been reported by Piao et al. (2008) and Jorgensen et al. (2001), who 
fabricated LSM electrodes by the method of screen-printing and air borne spraying, 
respectively. 
The SEM micrographs confirmed that the densification of the electrode resulted in 
the observed increase in apparent electrical conductivity with increasing sintering 
temperature; the denser the material, the higher the apparent electrical conductivity 
achieved at each operating temperature. Hence, the apparent electrical conductivity 
was not only a function of the bulk density of the LSM material but also a function of 
the microstructure of the sintered electrode. Otoshi et al. (1991) have also shown that 
porosity has a significant effect on the apparent conductivity of LSM; they reported a 
decrease in the apparent electrical conductivity at 800 oC from ca. 14.8 x 103 S m-1 
for 10% porosity to ca. 4.5 x 103 S m-1 for 41% porosity. 
 
YSZ LSM-YSZ
12  
Figure 4.6: SEM micrograph of LSM-YSZ composite 
electrode fabricated on YSZ electrolyte by dip-coating 
 
4.1.2.2 Electrical Conductivity and Microstructure of LSM-YSZ Composite 
Electrode Fabricated by Dip-coating 
The SEM micrograph of Figure 4.6 shows that the porous LSM-YSZ composite 
electrode adhered very well to the dense YSZ electrolyte. Figure 4.7 shows the effect 
of operating temperature on apparent electrical conductivity of LSM-YSZ composite; 
the apparent electrical conductivity increased with increasing operating temperature 
in the range 673 - 1073 K and sintering temperature in the range 1273 – 1473 K. The 
magnitudes were ca. 100 times lower than those of the LSM electrode shown in 
Figure 4.3, because of the highly resistive YSZ particles dispersed in the LSM of the 
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composite electrode. This implies that even though the LSM-YSZ composite 
electrode extends the active triple-phase boundary and improves the thermal match 
of the cathode with the zirconia electrolyte, it does not possess sufficient electrical 
conductivity for it to be used alone without the LSM layer. Similarly low electrical 
conductivities have been reported by Yang, Wei and Roosen (2003) for LSM-YSZ 
composites sintered at 1400 oC for 24 hours; the electrical conductivity increased 
from 4 to 227 S m-1 at operating temperature of 1000 oC as the content of LSM was 
increased from 10 to 50 vol.%. 
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Figure 4.7: Effect of temperature on apparent 
electrical conductivity of LSM-YSZ  composite 
electrode fabricated by dip-coating 
Figure 4.8: Plot of ln (σ.Т) versus reciprocal of 
absolute temperature for LSM-YSZ composite 
electrode fabricated by dip-coating 
Figure 4.8 shows that the plot of  In T  versus absolute operating temperature for 
the data of Figure 4.7 is linear so the effect of temperature on electrical conductivity 
of the LSM-YSZ composite electrode can also be described by the Arrhenius 
equation for electrical conductivity. The activation energy for electrical conductivity 
ranged from 80.4 to 84.8 kJ mol-1 (0.83 – 0.88 eV), which was higher than those 
obtained for the LSM electrodes. 
The SEM micrographs of the sintered LSM-YSZ composite electrodes fabricated by 
dip-coating are shown in Figure 4.9; the particle size and density of the LSM-YSZ 
electrode increased while the porosity decreased with increasing sintering 
temperature. The densification of the electrode with increasing sintering temperature 
resulted in the observed increase in apparent electrical conductivity with increasing 
intering temperature. The SEM micrographs show homogeneous distribution of 
particles and pores in the composite electrode, this homogeneity in particle and pore 
distribution decreased with increasing temperature. This is similar to the account of 
Jorgensen et al. (2001) on effect of sintering temperature in the range 1150 - 1300 oC 
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on the microstructure of LSM-YSZ composite cathode fabricated by air spraying. 
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Figure 4.9: SEM micrographs of LSM-YSZ composite electrodes fabricated by dip-coating and 
sintered at different temperatures in the range 1000 – 1200 oC 
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4.1.2.3 Electrical Conductivity and Microstructure of LSM-YSZ/LSM Double-
layered Electrode Fabricated by Dip Coating  
The results of experiments on the measurement of the electrical conductivity and 
microstructure of LSM-YSZ/LSM double-layered electrode are presented and 
discussed in this section. Two cases were investigated; in the first, the LSM-YSZ 
electrode was fabricated on the YSZ electrolyte tube and dried. After the complete 
drying of the first layer a second layer was fabricated and dried before the sintering 
was done just once, this was sample C mentioned earlier. This process is referred to 
as single sintering. In the second case; a first layer of LSM-YSZ was fabricated on 
the YSZ electrolyte tube, dried and sintered before the second layer of LSM was 
deposited on the LSM-YSZ layer, dried and then sintered again, so the sintering was 
done twice and the process is referred to as double sintering. 
YSZ LSM-YSZ LSM
 40
YSZ LSM-YSZ LSM
 
Figure 4.10: SEM micrograph of LSM-YSZ/LSM 
double-layered electrode fabricated on YSZ 
electrolyte by dip-coating (single sintering) 
Figure 4.11: SEM micrograph of LSM-YSZ/LSM 
double-layered electrode fabricated on YSZ 
electrolyte by dip coating (double sintering) 
The SEM micrographs of Figure 4.10 and Figure 4.11, show the porous LSM-
YSZ/LSM double-layered electrode fabricated on YSZ electrolyte. A good adhesion 
was achieved at the YSZ | LSM-YSZ and LSM-YSZ | LSM interfaces for the 
electrodes sintered together (single sintering) as well as those sintered one after the 
other (double sintering).  
Figure 4.12 shows the effect of temperature on the apparent electrical conductivity of 
the double-layered LSM-YSZ/LSM electrode for which the sintering was done once. 
The apparent electrical conductivity of each sintered electrode increased with 
increasing operating temperature in the range 650 – 1050 K and sintering 
temperature in the range 1273 – 1473 K investigated. The magnitudes of the 
apparent electrical conductivity are of the same order as the LSM electrode 
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discussed earlier which implies that the LSM layer controlled the measured 
conductivity of the double-layered electrode. This outer LSM layer was the current 
collection layer for the LSM-YSZ/LSM double-layered cathode. 
The plot of   In T  versus the absolute operating temperature is presented in 
Figure 4.13; straight lines were obtained which showed that the Arrhenius equation 
for electrical conductivity suitably described the temperature dependence of the 
apparent electrical conductivity of the LSM-YSZ/LSM double-layered electrode. The 
activation energies for electrical conductivity ranged from 10 to 14.1 kJ mol-1 (0.1 – 
0.15 eV) and were similar to those of the LSM electrodes. 
Figure 4.14 show the SEM micrograph for the LSM-YSZ layer of the double layer 
electrode, the particles and pores distribution were homogeneous. The particles 
adhered and grew in size as the sintering temperature increased while the density of 
this layer of the electrode consequently increased. These observations were similar 
to those reported when the effect of the sintering temperature on the microstructure 
of the LSM-YSZ composite electrode was investigated separately. 
Figure 4.15 shows the SEM micrographs for the LSM layer of the double-layered 
electrode. Similar to the LSM electrode discussed earlier; the distribution of the 
grains and pores of this layer was homogeneous, the particle connectivity and 
density of this layer of the electrode also increased with increasing sintering 
temperature. The resultant effect of increasing the sintering temperature of the 
double-layered LSM-YSZ/LSM electrode was the densification and subsequent 
increase in the apparent electrical conductivity of the electrode.  
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Figure 4.12: Temperature dependence of the 
apparent electrical conductivity of LSM-
YSZ/LSM double-layered electrode fabricated 
by dip-coating (single sintering) 
Figure 4.13: Plot of ln (σ.Т) versus the reciprocal of 
absolute temperature for LSM-YSZ/LSM double-
layered electrode fabricated by dip-coating (single 
sintering) 
135 
 
 
1000 ˚C 
 
1050 ˚C  
1100 ˚C 1150 ˚C 
1200 ˚C  
 
Figure 4.14: SEM micrographs of the LSM-YSZ composite layer of LSM-YSZ/LSM double-layered 
electrodes fabricated by dip coating (single sintering) 
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Figure 4.15: SEM micrographs of the LSM layer of LSM-YSZ/LSM double-layered electrodes 
fabricated by dip coating (single sintering) 
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Figure 4.16: Temperature dependence of the 
apparent electrical conductivity of LSM-
YSZ/LSM double-layered electrode fabricated 
by dip-coating (double sintering) 
Figure 4.17: Plot of ln (σ.Т) versus the reciprocal 
of absolute temperature for LSM-YSZ/LSM 
double-layered electrode fabricated by dip-coating 
(double sintering) 
Figure 4.16 shows the effect of temperature on the apparent electrical conductivity of 
the double-layered LSM-YSZ/LSM electrode of sample D, which was sintered twice 
(double sintering). The apparent electrical conductivity of this double-layered 
electrode increased with increasing operating temperature in the range 650 – 1050 K 
as well as with increasing sintering temperature in the range 1273 – 1473 K similar to 
the electrode that was sintered once (single sintering) which was previously 
discussed. The magnitudes of the apparent electrical conductivities were similar to 
those of the double-layered electrodes that were sintered once (Figure 4.12) and 
were of the same order as those of the LSM electrodes (Figure 4.3). This indicated 
that the apparent electrical conductivity of this double-layered LSM-YSZ/LSM 
electrode fabricated by dip-coating was similarly controlled by the conductivity of the 
LSM layer and the sintering method (single or double) did not appear to have a 
significant effect on the electrical conductivity of the LSM-YSZ/LSM double-layered 
electrodedoes. Figure 4.17 shows that the Arrhenius equation for electrical 
conductivity also suitably expressed the apparent electrical conductivity as a function 
of the absolute operating temperature. The activation energies for electrical 
conductivity ranged from 10.5 to 11.8 kJ mol-1 (0.11 – 0.12 eV) and were also similar 
to those of the LSM electrodes.  
Small electrode particles are required by the LSM-YSZ electrode for efficient 
reduction of oxygen, while it is necessary that both layers should have sufficient 
porosity (for gas diffusion) and high electrical conductivity (Singhal, 2000; Haanappel 
et al., 2005; Jacobson, 2009; Piao et al., 2008). The densification and apparent 
electrical conductivity of sintered electrodes have been shown to increase as the 
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porosity decreased with increasing sintering temperature in this study. Hence, the 
oxygen sensor reference electrodes and SOFC cathodes were fabricated by sintering 
at 1100 oC for 3 hours. 
4.2. Chapter Conclusion   
Porous LSM-YSZ/LSM double-layered electrodes were fabricated successfully on 
YSZ electrolyte by dip-coating; the electrodes adhered well to YSZ electrolyte and 
possessed electrical conductivities which were about two orders of magnitude larger 
than those of the LSM-YSZ composite electrode but similar to those of the LSM 
electrodes. The electrical conductivities of the porous LSM and LSM-YSZ/LSM 
double-layered electrodes were comparable to those of porous LSM electrodes 
reported in the literature and were considered suitable for use as SOFC cathode and 
oxygen sensor reference electrode. 
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5. Dissolution and Solubility Limit of Oxygen in Molten Tin and the 
Gibbs Energy Change for Formation of SnO 
As previously mentioned in Chapter 2, molten metal dissolves oxygen rapidly when 
an oxidizing gas is bubbled through it but it does so very slowly when only the 
surface is exposed to an overhead gaseous atmosphere 
The objective of this chapter was to investigate the course of oxygen dissolution in 
molten tin at high temperatures in the range 973 – 1123 K by the transfer of oxygen 
from an oxygen-helium bubble to the molten tin, and the use of an LSM-YSZ/LSM 
double-layered reference electrode and solid electrolyte (YSZ) potentiometric oxygen 
sensor for the measurement of the concentration of dissolved oxygen in the molten 
tin and monitoring of the course of oxygen dissolution. In addition, to obtain a 
correlation for the temperature dependence of oxygen solubility in molten tin and the 
Gibbs energy change of formation of the oxide in equilibrium with oxygen at the 
solubility limit. 
5.1.1. Experimental Procedure 
The arrangement of experimental equipments for oxygen dissolution in molten tin has 
been described in chapter 3 (Figure 3.13); helium gas was passed through the 
alumina tube labelled 2 at a flow rate of 60 ml min-1 to purge the air in the reactor 
before it was heated up to the experimental operating temperature. A blend of helium 
and hydrogen (10%H2-He, 54 ml min-1 He and 6 ml min-1 H2) was bubbled through 
the molten tin with the alumina feed tube labelled 1 while it was being heated up to 
the experimental temperature in order to remove the dissolved oxygen and oxide in 
the molten tin. When the molten tin reached the desired operating temperature, the 
blend of helium and hydrogen was stilled bubbled through the molten tin until it was 
completely reduced. The mass spectrometer ion current for water increased during 
the molten tin reduction process, which confirmed the generation of water from the 
reaction of hydrogen with dissolved oxygen and tin oxide in molten tin. 
The molten tin was reduced such that the open circuit potential difference reading of 
the voltmeter corresponded to the equilibrium potential difference for the oxidation of 
hydrogen at the particular operating temperature. The hydrogen valve was closed 
after the reduction of the molten tin while helium was still bubbled through the molten 
tin to remove hydrogen from the reactor. The mass spectrometer ion current for 
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hydrogen decreased progressively until it became constant, confirming the removal 
of hydrogen from the reactor. The open circuit potential difference read by the 
voltmeter was also constant. It is also noteworthy that the hydrogen solubility in 
molten tin is very low; at 1000 oC the solubility limit is 0.04 cm3 H2/100 g Sn 
(Abernathy et al., 2011). This low concentration of hydrogen in molten tin should not 
affect the activity coeffient of oxygen, so the electromotive force results on the the tin-
oxygen system can be safely converted to oxygen concentration. 
After hydrogen had been purged from the reactor, oxygen was bubbled through the 
molten tin using a blend of helium and oxygen (10% O2-He) with flow rates of 54 ml 
min-1 and 6 ml min-1 for helium and oxygen respectively. The open circuit potential 
difference signal of the oxygen sensor was read by the voltmeter and recorded 
continuously by a computer as the oxygen dissolution process progressed. The 
oxygen and helium valves were closed when the voltage reading became constant 
instead of decreasing as oxygen was bubbled through the molten tin. The oxygen 
dissolution experiment was performed at 700 oC, 750 oC, 800 oC and 850 oC. 
5.1.2. Results and Discussion  
The solid state electrochemical cell investigated was: 
 2 3 2, , |10% | ( ),[ ]Snair LSM LSM YSZ Y O ZrO Sn l O   (I) 
Figure 5.1 shows the time dependence of open circuit potential difference measured 
at 700 oC by the YSZ electrolyte potentiometric oxygen sensor described in Chapter 
3; the oxygen sensor responded immediately and very well to the changes in 
concentration of dissolved oxygen in the molten tin. The open circuit potential 
difference which was initially constant at a value corresponding to the equilibrium 
potential difference for the reaction of hydrogen with gaseous oxygen was observed 
to decrease as the oxygen dissolution process progressed until it became constant 
when the dissolved oxygen in the molten tin reached its solubility limit. This 
observation shows that the LSM-YSZ/LSM double-layered reference electrode, solid 
electrolyte (YSZ) potentiometric oxygen sensor is a suitable on-line sensor for in situ 
measurement of the concentration of dissolved oxygen in a molten metal at high 
temperatures.  
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Figure 5.1:Variation of open circuit potential difference with time during oxygen 
dissolution in molten tin at 973 K (emf measured by an LSM-YSZ/LSM double-
layered reference electrode and YSZ electrolyte potentiometric oxygen sensor)  
During the oxygen dissolution process the mass spectrometer did not show any 
increase in the oxygen ion current, indicating that all the oxygen in the bubbles were 
essentially absorbed by the molten tin. Likewise, the ion current signals for carbon 
monoxide and carbon dioxide did not change during the oxygen dissolution process 
showing that the oxidation of the graphite rod was very negligible. The tin melt was 
well stirred by the gas bubbles hence a uniform oxygen concentration was achieved 
while the voltage read by the voltmeter was also stable. 
 
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
0 500 1000 1500 2000 2500
O
p
e
n
 C
ir
cu
it
 P
o
te
n
ti
al
 D
if
fe
re
n
ce
 /
 V
Time / s
2 2( ) ( ) ( )C s O g CO g
Oxygen dissolution experiment at 973 K 
2 2( ) ( ) ( )Sn l O g SnO s
2( ) 0.5 ( ) ( )Sn l O g SnO s
2( ) 2[ ] ( )SnSn l O SnO s
( ) [ ] ( )SnSn l O SnO s
2 2 22 ( ) ( ) 2 ( )H g O g H O g
 
Figure 5.2: Variation of open circuit potential difference with time during oxygen dissolution in 
molten tin at 973 K compared with standard equilibrium potential differences for the oxidation of 
hydrogen, carbon and molten tin at 973 K 
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Figure 5.3: Variation of open circuit potential difference with time during oxygen dissolution in 
molten tin at 1023 K compared with standard equilibrium potential differences for the oxidation of 
hydrogen, carbon and molten tin at 1023 K 
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Figure 5.4: Variation of open circuit potential difference with time during oxygen dissolution 
in molten tin at 1073 K compared with standard equilibrium potential differences for the 
oxidation of hydrogen, carbon and molten tin at 1073 K 
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Figure 5.5: Variation of open circuit potential difference with time during oxygen dissolution in 
molten tin at 1123 K compared with standard equilibrium potential differences for the oxidation 
of hydrogen, carbon and molten tin at 1123 K 
In the presence of oxygen in the reactor, the molten tin might be oxidized according 
to reaction 5.1 or 5.2, while oxygen was also expected to dissolve in the molten tin 
(reaction 5.3) and the dissolved oxygen might react with molten tin according to 
equation 5.4 or 5.5. 
 2 2( ) ( ) ( )Sn l O g SnO s  [5.1] 
 2
1
( ) ( ) ( )
2
Sn l O g SnO s  [5.2] 
 2
1
( ) [ ]
2 Sn
O g O  [5.3] 
 2( ) 2[ ] ( )SnSn l O SnO s  [5.4] 
 ( ) [ ] ( )SnSn l O SnO s  [5.5] 
Hence, to identify the reactions which occurred in the molten tin in the presence of 
oxygen and to interpret the potentials measured, the standard equilibrium potential 
differences for the oxidation of molten tin by oxygen molecules and dissolved oxygen 
atoms at each operating temperature were computed and plotted together with the 
experimental oxygen dissolution curve.  
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The standard equilibrium potential difference 0,r TE  at temperature T  was obtained 
from the Gibbs energy change for the reaction 0r TG : 
 
0
,0
,
r T
r T
e
G
E
F

   [5.6] 
Where e  is the reaction electron stoichiometry and F  the Faraday constant. 
The data used for the computation of the Gibbs energy changes for these reactions 
which are presented in the appendix, were obtained from Barin, Knacke and 
Kubaschewski (1977), Barin (1993), McBride, Gordon & Reno (1993), Gurvich, Veitz 
& Alcock (1989), Frenkel et al. (1994), Landolt (1999), Binnewies & Milke (2002), 
Parnaik (2003), and Otsuka, Sano & Kozuka (1981). These data are compared with 
data from other sources in the appendix.  
The equilibrium potential difference for hydrogen oxidation (equation 5.7) at each 
operating temperature was also plotted as the potential difference at which the 
oxygen dissolution commenced. The data used for the computation of the Gibbs 
energy change for hydrogen oxidation were obtained from Chase (1998) and are 
presented in the appendix. 
 2 2 22 ( ) ( ) 2 ( )H g O g H O g  [5.7] 
The equilibrium potential difference for carbon oxidation (equation 5.8) was also 
plotted, since a graphite current collector was placed in the molten tin. The data used 
for the computation of the Gibbs energy change for carbon oxidation were obtained 
from Chase (1998) and Butland & Maddison (1973) and are presented in the 
appendix. 
 2
1
( ) ( ) ( )
2
C s O g CO g  [5.8] 
Figure 5.2, Figure 5.3, Figure 5.4, and Figure 5.5 show the time dependences of the 
open circuit potential differences during the dissolution of oxygen in molten tin at 700 
oC, 750 oC, 800 oC, and 850 oC, respectively. The open circuit potential differences 
decreased as the oxygen dissolution process progressed, from an initial value to the 
solubility limit of oxygen in molten tin at the particular operating temperature. It is 
evident that the open circuit potential differences measured by the sensor were 
essentially that due to the changes in concentration of the dissolved oxygen as 
helium-oxygen blend was bubbled through the molten tin.  
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Figure 5.6: Variation of open circuit potential 
difference with time during oxygen dissolution in 
molten tin at 973 K compared with the standard 
equilibrium potential differences for the 
formation of SnO(s) and SnO2(s) at 973 K 
Figure 5.7: Variation of open circuit potential 
difference with time during oxygen dissolution in 
molten tin at 1023 K compared with standard the 
equilibrium potential differences for the formation 
of SnO(s) and SnO2(s) at 1023 K  
0.88
0.9
0.92
0.94
0.96
0.98
0 1000 2000 3000 4000
O
p
e
n
 C
ir
cu
it
 P
o
te
n
ti
a
l D
if
fe
re
n
ce
 /
 V
Time / s
2 2 22 ( ) ( ) 2 ( )H g O g H O g
2 2( ) ( ) ( )Sn l O g SnO s
2( ) 0.5 ( ) ( )Sn l O g SnO s
Oxygen dissolution experiment at 1073 K 
 
0.84
0.86
0.88
0.9
0.92
0.94
0.96
0.98
0 1000 2000 3000 4000 5000 6000
O
p
en
 C
ir
cu
it
 P
o
te
n
ti
al
 D
if
fe
re
n
ce
 /
 V
Time / s
Oxygen dissolution experiment at 1123 K 
2 2 22 ( ) ( ) 2 ( )H g O g H O g
2 2( ) ( ) ( )Sn l O g SnO s
2( ) 0.5 ( ) ( )Sn l O g SnO s
 
Figure 5.8: Variation of open circuit potential 
difference with time during oxygen dissolution in 
molten tin at 1073 K compared with the 
equilibrium potential differences for the 
formation of SnO(s) and SnO2(s) 
Figure 5.9: Variation of open circuit potential 
difference with time during oxygen dissolution in 
molten tin at 1123 K compared with the 
equilibrium potential differences for the formation 
of SnO(s) and SnO2(s) 
It was also observed that the open circuit potential differences at the solubility limit of 
oxygen in molten tin were close to the potential for the formation of tin monoxide 
computed from the Gibbs energy change with heat capacity, enthalpy, and entropy 
data obtained from Barin (1993). As clearly shown in Figure 5.6, Figure 5.7, Figure 
5.8, and Figure 5.9, the observed potential differences at the oxygen solubility limits 
at all temperatures considered in the range 973 – 1123 K, were lower than the 
equilibrium potential difference for tin dioxide formation. This implies that the limiting 
reaction at the solubility limit of oxygen in molten tin observed in this study appeared 
to be that of the formation of tin monoxide due to the direct oxidation of the molten tin 
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by molecular oxygen (equation 5.2). As mention previously in Chapter 2, Belford & 
Alcock (1965) used cell (II) to dissolve oxygen electrochemically in molten tin in the 
temperature range 809 K - 1024 K: 
 2 2 3( ), ( ) | (0.85 0.15 ) | ( ),[ ]Ni s NiO s ThO Y O Sn l O  (II) 
They observed that on adding oxygen to molten tin the concentration of dissolved 
oxygen could be increased beyond that at which solid SnO2 is normally formed and 
obtained a limiting potential at oxygen activities corresponding to those expected for 
unstable solid SnO. It was also reported that due to the unstable nature of SnO, the 
limiting potential difference obtained at oxygen activities corresponding to SnO 
formation slowly drifted to the emf for the formation of SnO2 at a continuously 
diminishing rate and without further passage of current, requiring 15 hours at 700 oC. 
The rates of drift of the emf were said to be compatible with those for the 
disproportionation of SnO into Sn and SnO2 at temperatures above 300 oC (Belford & 
Alcock, 1965; Platteeuw & Meyer, 1956). The result from this study; that at the 
observed solubility limit of oxygen in molten tin, the limiting reaction was the direct 
reaction of gaseous oxygen with molten tin to form tin monoxide, agrees with earlier 
report of Belford & Alcock (1965) on super-solubility of oxygen in molten tin. Hence, 
the solubility of oxygen in molten tin in equilibrium with SnO was measured in this 
study.  Since tin monoxide was not stable at these temperatures (Moreno et al., 
2001; Giefers, Porsch & Wortmann, 2005), it disproportionated subsequently 
according to equation 2.27 to the stable tin dioxide and elemental tin: 
 22 ( ) ( ) ( )SnO s Sn l SnO s  [2.27] 
At the solubility limit, the Gibbs energy change for oxygen dissolution in molten tin 
was equal to the Gibbs energy change for the formation of the oxide that was in 
equilibrium with oxygen which in this case was SnO formed through the direct 
oxidation of molten by gaseous oxygen. Hence, the Gibbs energy change for the 
formation of SnO was obtained from the measured open circuit potential difference 
(emf) at oxygen saturation in the molten tin.  
Figure 5.10 shows the effect of temperature on Gibbs energy changes for the 
formation of solid SnO; the Gibbs energy changes increased with increasing 
temperature and were negative because SnO formation is spontaneous in this 
temperature range. Figure 5.11 shows the comparison of the Gibbs energy changes 
obtained in this study with those computed from the correlation of Belford & Alcock 
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(1965) and thermochemical data (Barin, 1993). The Gibbs energy changes for SnO 
formation obtained from this study were very close to those calculated from 
thermochemical data. The temperature (K) dependence of the Gibbs energy change 
for the formation of tin monoxide from the direct oxidation of molten tin by oxygen 
molecules (equation 5.2) was obtained from the measured open circuit potential 
difference corresponding to oxygen activities in equilibrium with tin monoxide 
( 0 0, ,2   SnO T SnO Sn TG F E ) and is given as: 
 0 -1, kJ mol 280.98 0.1017SnO TG T     [5.9] 
 
y = 0.1017x - 280.98
R² = 0.9987
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Figure 5.10: Effect of temperature on Gibbs 
energy change for the formation of SnO 
Figure 5.11: Effect of temperature on the Gibbs 
energy changes for the formation of SnO – 
comparison of Gibbs energy changes calculated 
from emf obtained from experiments with those 
calculated from thermochemical data and the 
correlation reported by Belford & Alcock (1965)  
Figure 5.12 shows the variation of the open circuit potential difference with time 
during oxygen dissolution in molten tin at 973, 1023, 1073, and 1123 K while Figure 
5.13 shows the corresponding variation of [O]Sn concentration with time, the [O]Sn 
concentration were computed from the open circuit potential differences using 
equation 3.13 presented in Chapter 3. At each of the temperatures considered, the 
open circuit potential difference decreased while the [O]Sn concentration increased 
due to oxygen dissolution in molten tin according to reaction 5.3. 
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Figure 5.12: Variation of open circuit potential difference with time during oxygen 
dissolution in molten tin at 973, 1023, 1073, and 1123 K 
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Figure 5.13: Variation of [O]Sn concentration with time during oxygen dissolution in molten tin 
at 973, 1023, 1073, and 1123 K 
The [O]Sn concentration – time data were fitted to a logistic growth model to describe 
the course of oxygen dissolution in molten tin when 10%O2-He was bubbled through 
it: 
 
,
[ ] [ ]
[ ] 1
[ ]s T
d O O
r O
dt O
 
   
 
 [5.10] 
Where [ ]O  is the concentration of dissolved oxygen in molten tin (in atom %) while r  
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and ,[ ]s TO  are parameters; r  defines the rate of increase of the concentration of 
dissolved oxygen in the molten tin and ,[ ]s TO  is the solubility limit (atom %) of oxygen 
in molten tin. Figure 5.14, Figure 5.15, Figure 5.16, and Figure 5.17 show that the 
concentration-time data fit the logistic growth model well; the dissolved oxygen 
concentration at the outset increased from an initial value at an exponential rate, the 
rate then decreased as the dissolved oxygen concentration approached saturation 
and finally became constant at the solubility limit. The solubility of oxygen in molten 
tin in equilibrium with SnO in the temperature range 973 – 1123 K was ca. 0.019 - 
0.107 atom%. 
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 Figure 5.14: [O]Sn concentration-time data fitted 
to a logistic model to show the course of 
dissolution and solubility limit of oxygen in 
molten tin at 973 K  
Figure 5.15: [O]Sn concentration-time data fitted to 
a logistic model to show the course of dissolution 
and solubility limit of oxygen in molten tin at 1023 
K  
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Figure 5.16: [O]Sn concentration-time data fitted 
to a logistic model to show the course of 
dissolution and solubility limit of oxygen in 
molten tin at 1073 K 
Figure 5.17: [O]Sn concentration-time data fitted to 
a logistic model to show the course of dissolution 
and solubility limit of oxygen in molten tin at 1123 
K 
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Figure 5.18 shows the temperature effect on solubility of oxygen in molten tin; the 
solubility of oxygen in molten tin increased with increasing temperature in the range 
973 - 1123 K investigated. Figure 5.19 shows the plot of the logarithm of the solubility 
of oxygen in molten tin versus the reciprocal of absolute temperature, a linear plot 
was obtained; hence, the temperature dependence of the solubility of oxygen in 
molten tin may be expressed as: 
  10 ,
5483( )
og [ ] / % 3.92s T
K
L O atom
T

 
  [5.11] 
where T is the absolute temperature. 
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Figure 5.18: Effect of temperature on solubility 
of oxygen in molten tin  
Figure 5.19: Plot of logarithm of oxygen solubility 
in molten tin versus reciprocal of absolute 
temperature 
 
As shown in Figure 5.20, equation 5.10 was subsequently used to predict the 
solubility of oxygen in molten tin in the temperature range 505 – 1273 K, the 
predicted solubility were then compared with the experimental data and oxygen 
solubilities reported in the literature. The predicted oxygen solubilities were close to 
those reported in the literature.  
As discussed previously in Chapter 2, earlier studies on oxidation of molten tin 
involved exposing the surface of the molten tin to an oxygen atmosphere 
(Bircumshaw and Preston, 1936; Yuan, Yan and Simkovich, 1999) and it is possible 
for a thick oxide layer to form on the surface of the molten metal (when it is exposed 
to an overhead oxygen atmosphere) before its saturation with oxygen which may 
retard oxygen absorption by the molten metal (Radzilowski & Pehlke, 1978). Hence, 
the observed course of oxygen dissolution and solubility of oxygen in molten tin 
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implies that oxygen separation (from its mixture with helium) and its dissolution in 
molten tin was realised by bubbling a blend of oxygen and helium gas through the 
molten tin, so it is expected that when air is bubbled through molten tin, in the molten 
tin reformer, the transfer of oxygen from the air to molten tin could be achieved.  
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Figure 5.20: Plot of logarithm of oxygen solubility in molten tin versus the reciprocal of absolute 
temperature (for the comparison of oxygen solubility obtained in this study with those reported in the 
literature)  
The solubility limit show the extent to which oxygen could be injected into the molten 
tin reformer or Sn(l)-SOFC before the formation of tin oxides, so the molten tin 
reformer may be operated such that oxygen is simply dissolved in the molten tin 
without the dissolved oxygen concentration reaching the solubility limit and forming 
tin oxides. This condition may be desirable when operating the molten tin reformer 
under conditions that the formation of solid SnO2 is possible but undesirable. The 
LSM-YSZ/LSM double-layered reference electrode and YSZ electrolyte oxygen 
sensor may be incorporated into a feedback control system to ensure that the 
concentration of dissolved oxygen in the molten tin, in the reformer, is kept below the 
solubility limit during the periodic operation of the reformer. 
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5.2. Chapter Conclusions 
With respect to the results presented and discussed in this section: 
- An LSM-YSZ/LSM double-layered reference electrode and YSZ electrolyte 
potentiometric oxygen sensor could be employed as an in situ online sensor 
for the measurement of oxygen concentration in molten metals (e.g. tin) at 
high operating temperatures. 
- Oxygen gas was separated from its mixture with helium by bubbling 10%O2-He 
blend through molten tin which implies that oxygen could be separated from 
air in the molten tin reformer by bubbling air through and absorbing oxygen in 
the molten tin.  
- The molten tin reformer can be operated at such conditions that oxygen is 
simply dissolved in the molten tin without oxide formation; the LSM-YSZ/LSM 
double-layered reference electrode and YSZ electrolyte potentiometric oxygen 
sensor may be incorporated in a feed back control system to ensure that the 
concentration of dissolved oxygen in the molten tin remain below the 
saturation value at the particular operating temperature 
- The solubility of oxygen in equilibrium with SnO in molten tin measured in the 
temperature range 973 – 1123 K was 0.019 - 0.107 atom%. The temperature 
dependence of the solubility of oxygen in molten tin may be described as: 
 
 10 ,
5483( )
og [ ] / % 3.92s T
K
L O atom
T

 
  [5.11] 
- The temperature dependence of the Gibbs energy change for the formation of 
SnO may be described as:   
 
0 -1
, kJ mol 280.98 0.1017SnO TG T     [5.9] 
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6. Characterization of Bubbles formed at a Single Submerged 
Nozzle in Molten Tin 
In this chapter, results on the characterization of bubbles generated by a single 
alumina nozzle submerged in molten tin are presented and discussed. Bubbles 
injected into molten tin were characterized by determining the frequencies, sizes, 
shapes, velocities, and behaviour under different operating conditions of nozzle 
diameter, gas flow rates and temperatures.  
The frequencies of bubbles generated by alumina nozzles submerged in molten tin in 
the temperature range 973 – 1273 K and volumetric gas flow rate 5 – 200 cm3 min-1 
of interest were measured by the pressure pulse technique described in Chapter 3 
while the sizes of the bubbles were subsequently computed from the bubble 
frequencies and gas volumetric flow rates. The effects of gas flow rate, nozzle 
diameter and molten tin temperature on the bubble characteristics (size, shape, and 
behaviour) were determined. 
The Mendelson wave equation, which has been proven as suitable for the prediction 
of bubble rise velocity in molten metals (Mendelson, 1967; Schwerdtfeger, 1968; 
Kulkarni & Joshi, 2005; Zhang, Eckert & Gerbeth, 2005), was used to estimate the 
terminal rise velocities of bubbles in molten tin, while dimensionless nozzle and 
bubble numbers were further used to characterize the bubble formation and 
behaviour.  
The sizes of bubbles generated by 3 mm O.D., 2 mm I.D. alumina nozzle submerged 
in water were compared with those of molten tin at 800 oC. The bubble diameter 
predicted by the correlations of Davidson and Schuler (1960), Davidson and Harrison 
(1963), Kumar and Kuloor (1970), Sano and Mori (1976), Gaddis and Vogelpohl 
(1986), and Jamialahmadi et al. (2001) were also compared with the equivalent 
diameters of bubbles generated by the 3 mm nozzle in water at 20 oC and in molten 
tin at 800 oC.  
6.1. Experimental Procedure 
The pressure pulse technique and equipments employed for the bubble frequency 
measurement (Figure 3.3) have been described in Chapter 3; the same gas flow 
rates were set by the mass flow controllers (MFC, 1 and MFC, 2) to both sides of the 
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differential pressure transducer while the back pressure regulator was manipulated to 
obtain voltage signals similar to Figure 3.4. The bubble frequency was estimated 
from the voltage signal while the bubble volume was determined from the constant 
gas volumetric flow rate and the measured bubble formation frequency according to 
equations 3.4: 
 ,G zB
V
V
f
  [3.4] 
Spherical bubble shape was assumed, so the equivalent bubble diameter was 
calculated from the bubble volume:  
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 [3 .6] 
Helium gas, volumetric flow rates in range of 5 – 200 cm3 min-1, and temperature in 
range of 973 – 1273 K with alumina nozzle of 6 mm outer diameter (O.D), 4 mm inner 
diameter (I.D) or 3mm O.D., 2 mm I.D were used in the bubble characterization 
experiments. 
6.2. Experimental Results and Discussion  
Figure 6.1 shows the effect of helium gas flow rate on the frequency of bubbles 
generated by a 3 mm O.D., 2 mm I.D. alumina nozzle submerged in water at 20 oC. 
As expected, the bubble frequency increased with increasing gas flow rate in the 
range 5 – 60 cm3 min-1 investigated (Kumar & Kuloor, 1970; Kulkarni & Joshi, 2005). 
Figure 6.2 shows the effect of gas flow rate on bubble volume; the bubble volume 
increased with increasing gas flow rate in the range 5 – 60 cm3 min-1 investigated.  
Figure 6.3 shows the equivalent diameters obtained from the bubble volumes shown 
in Figure 6.2; similar to the bubble frequencies and volumes, the equivalent bubble 
diameters also increased with increasing gas flow rate in the range 5 – 60 cm3 min-1 
considered.  
Several investigators have reported increase in bubble size with increasing gas flow 
rates for air-water, air-aqueous glycerol, nitrogen-water, nitrogen-aqueous glycerol, 
nitrogen-glycerol systems (Davidson & Schuler, 1960; Ramakrishnan, Kumar & 
Kuloor, 1969; Terasaka & Tsuge, 1993; Badam, Buwa & Durst, 2007). Jamialahmadi 
et al. (2001) have also reported an increase in bubble diameter with increasing gas 
flow rate in the range 0–720 cm3 min-1 for air-water, air-methanol, air-ethanol, and 
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air-propanol systems for a nozzle diameter of 2 mm. 
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Figure 6.1: Effect of gas flow rate on frequency 
of bubbles generated by 3 mm O.D., 2 mm I.D. 
alumina nozzle submerged in water at 20 oC  
Figure 6.2: Effect of gas flow rate on volume of 
bubbles generated by 3 mm O.D., 2 mm I.D. 
alumina nozzle submerged in water at 20 oC 
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Figure 6.3: Effect of gas flow rate on diameter of 
bubbles generated by 3 mm O.D., 2 mm I.D. 
alumina nozzle submerged in water at 20 oC 
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Figure 6.4: Comparison of frequencies of 
bubbles generated in water at 20 oC with those 
generated in molten tin at 800 oC by a 3 mm 
O.D., 2 mm I.D. alumina nozzle  
Figure 6.5: Comparison of diameters of bubbles 
generated in water at 20 oC with those generated 
in molten tin at 800 oC by a 3 mm O.D., 2 mm I.D. 
alumina nozzle  
As shown in Figure 6.4, the equivalent diameters of bubbles generated by the 3 mm 
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O.D, 2 mm I.D. alumina nozzle in water at 20 oC were compared with those 
generated in molten tin at 800 oC; as expected the frequencies of bubble formation 
increased with increasing gas flow rate in both cases (Kumar & Kuloor, 1970; 
Kulkarni & Joshi, 2005), but the frequencies of bubble formation in molten tin at 800 
oC were higher than in water at 20 oC. Figure 6.5 compares equivalent diameters of 
bubbles generated by the 3 mm O.D., 2 mm I.D. alumina nozzle in water at 20 oC 
and molten tin at 800 oC; the equivalent diameters of bubbles generated in both 
liquids increased with increasing gas flow rates, but the equivalent diameters of 
bubbles generated in molten tin at 800 oC were higher than those formed in water at 
20 oC.  
The differences in the frequencies and equivalent bubble diameters obtained when 
the same nozzle material and dimension as well as the same gas flow rate were 
used for bubble generation in water and molten tin were the result of the dissimilarity 
in the properties of the two liquids and the measurement temperatures. The 
temperature affected both the liquid properties as well as the volumetric flow rate of 
the gas; the higher temperature of the molten tin, 800 oC compared to 20 oC, implies 
that the gas expanded in the nozzle at 800 oC, so for the same flow rate setting of the 
mass flow controller the volumetric flow rate of the gas injected into molten tin at its 
condition of 800 oC was higher than that injected into water at 20 oC according to 
equaton 3.5, due to gas expansion as a result of the increase in temperature.  
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Bubble volume increases with gas volumetric flow rate (Kumar & Kuloor, 1970; 
Kulkarni & Joshi, 2005), so the expansion of the gas at 800 oC contributed to the 
observed difference in the equivalent diameter of bubbles formed in water at 20 oC 
and in molten tin at 800 oC.  
Table 6.1 presents the liquid properties which affect bubble size: viscosity, surface 
tension, and density of water at 20 oC and molten tin at 800 oC. The dynamic 
viscosity of molten tin at 800 oC is of the same order of magnitude as that of water at 
20 oC, the density of molten tin at 800 oC is about 6.6 times higher than that of water 
at 20 oC, while the surface tension of molten tin at 800 oC is about 7 times larger than 
that of water at 20 oC. Also, owing to the non-wettability of the nozzle by molten tin, 
the bubbles generated in molten tin were influenced by the outer nozzle diameter 
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instead of the inner diameter (Sano & Mori, 1976; Iron & Guthrie, 1979; Liow & Gray, 
1988; Liow, 2000; Kogawa et al., 2008).  
 
Table 6.1: Dynamic viscosity, density and surface tension of water at 20 oC and molten tin at 800 oC 
Properties Water Molten Tin 
Dynamic viscosity / kg m-1 s-1 9.8 x 10-4 8.17 x 10-4 
Density / kg m-3 998 6626 
Surface tension / N m-1 0.073 0.504 
 
Hence, the bubbles generated in molten tin at 800 oC were larger than those 
generated in water at 20 oC using the same nozzle and mass flow controller setting, 
due to the difference in liquid temperature and properties so the sizes of bubbles 
generated in water do not represent the sizes of bubbles generated in molten metals 
at high operating temperatures. 
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Figure 6.6: Comparison of diameters of bubbles 
generated in water at 20 oC by 3 mm O.D., 2 
mm I.D. alumina nozzle with bubble diameters 
predicted by correlations (using the inner nozzle 
diameter) 
Figure 6.7: Comparison of diameters of bubbles 
generated in water at 20 oC by 3 mm O.D., 2 mm 
I.D. alumina nozzle with bubble diameters 
predicted by correlations (using the outer nozzle 
diameter) 
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Figure 6.8: Comparison of diameters of bubbles 
generated in molten tin at 800 oC by a 3 mm 
O.D, 2 mm I.D. alumina nozzle with bubble 
diameters predicted by correlations (using the 
inner nozzle diameter) 
Figure 6.9: Comparison of diameters of bubbles 
generated in molten tin at 800 oC by a 3 mm O.D., 
2 mm I.D. alumina nozzle with bubble diameters 
predicted by correlations (using the outer nozzle 
diameter) 
The bubble diameter predicted by the correlations of Davidson and Schuler (1960), 
Davidson and Harrison (1963), Kumar and Kuloor (1970), Sano and Mori (1976), 
Gaddis and Vogelpohl (1986), and Jamialahmadi et al. (2001) were compared with 
the diameters of bubbles generated by the 3 mm alumina nozzle in water at 20 oC 
and in molten tin at 800 oC. 
The correlations of Davidson and Schuler (1960), Davidson and Harrison (1963), and 
Kumar and Kuloor (1970) were used because molten tin at 800 oC has a viscosity 
close to that of water which was used to validate these correlations and also because 
of the high flow rates employed in the experimental study. The correlation of Gaddis 
and Vogelpohl (1986) was considered for the comparison because it was developed 
from the balance of lifting and restraining forces involved in bubble formation in 
quiescent liquids under constant volumetric gas flow conditions, so it took into 
consideration the equipment, gas-liquid system and operating parameters which 
affect bubble size. It has also been considered as the most suitable for the prediction 
of the sizes of bubbles formed in stagnant liquids (Kulkarni & Joshi, 2005).  
The correlation of Jamialahmadi et al. (2001) was considered because it was 
obtained by a neural network approach which took into account the non-linear 
dependence of nozzle inner diameter (
in
d ), gas volumetric flow rate, liquid density, 
viscosity, surface tension, and gravitational acceleration on bubble size while the 
correlation of Sano and Mori (1974) was considered because it incorporated the non-
wettability of nozzles in molten metal and had been validated with experimental 
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results from air-mercury, nitrogen-mercury, air-molten silver, and oxygen-molten 
silver systems.   
 Figure 6.6 shows the comparison of the diameters of bubbles generated by 3 mm 
O.D., 2 mm I.D. alumina nozzle submerged in water at 20 oC with bubble diameters 
predicted by the correlations of Gaddis and Vogelpohl (1986), Davidson and Schuler 
(1960), Davidson and Harrison (1963), Kumar and Kuloor (1970), and Jamialahmadi 
et al. (2001); in this case, the inner nozzle diameter was used in the computation of 
the bubble diameter. The predictions from all the correlations did not fit the diameters 
of bubbles generated in water at 20 oC by the alumina nozzle.  
Figure 6.7 also shows a comparison of the diameters of bubbles generated by 
alumina nozzle submerged in water at 20 oC with diameters predicted by correlations; 
in this case, the outer diameter of the nozzle was used in the computation. It was 
observed that bubble diameters predicted by the correlation of Jamialahmadi et al. 
(2001) were very close to the equivalent bubble diameters obtained by experiment in 
this study.  
The correlations of Davidson and Schuler (1960), Davidson and Harrison (1963), and 
Kumar and Kuloor (1970) predict bubble diameters as functions of gas volumetric 
flow rate only and do not consider the essential factor of nozzle diameter and liquid 
properties hence the bubble diameters predicted by these correlations were far 
smaller than the experimental values.  
The correlation of Gaddis and Vogelpohl (1986) was obtained by the balance of lifting 
and restraining forces at the moment of bubble detachment while the inner nozzle 
diameter was used in the development of the theoretical correlation. A top 
submerged nozzle with downward flow of gas was employed in this study; the sizes 
of bubbles generated by top submerged nozzles depend on the thickness of the 
nozzle and are larger than those from bottom submerged nozzles (Liow, 2000; 
Szekely & Fang, 1971; Datta, Napier & Newitt, 1950). Hence, as shown in Figure 6.6 
the correlation of Gaddis and Vogelpohl (1986) might not have fitted the experimental 
data, due to the difference in the type of nozzle submergence used in the experiment 
(top submergence) compared to the type (bottom submergence) assumed in the 
development of the model. Figure 6.7 shows that the correlation of Gaddis and 
Vogelpohl (1986) still did not fit the experimental data even when the nozzle outer 
diameter was use in the prediction of the bubble diameter. 
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The bubble diameters predicted by the correlation of Jamialahmadi et al. (2001) 
using the inner diameter of the nozzle were lower than the equivalent bubble 
diameters obtained from experiment, while those predicted by the same correlation 
but using the outer nozzle diameter were very close to the experimental equivalent 
bubble diameters. The experiments were performed with top submerged nozzles with 
gas flowing downward through the nozzle, so the sizes of the bubbles were 
influenced by the thickness of the nozzle (Liow, 2000).   
Hence, the correlations reported in the literature for the estimation of bubble sizes do 
not always accurately predict the actual sizes of bubbles; discrepancies may arise 
due to the differences in the parameter (e.g. equipment, gas or liquid properties, and 
operating parameters) incorporated in the model and those involved in the actual 
operation of the system under consideration so there is the need to obtain bubble 
sizes of higher accuracy by experimental measurement. 
Figure 6.8 and Figure 6.9 show the comparison of diameters of bubbles generated by 
a 3mm O.D., 2 mm I.D. alumina nozzle submerged in molten tin with bubble 
diameters predicted by the correlations of Sano and Mori (1976), Gaddis and 
Vogelpohl (1986), Davidson and Schuler (1960), Davidson and Harrison (1963), 
Kumar and Kuloor (1970), and Jamialahmadi et al. (2001). The bubble diameters 
predicted by these correlations did not fit the bubble diameters obtained by 
experiment. 
As previously mentioned, the correlations of Davidson and Schuler (1960), Davidson 
and Harrison (1963), and Kumar and Kuloor (1970) predict bubble diameters as 
functions of gas volumetric flow rate only and do not consider the essential factor of 
nozzle diameter and liquid properties, so smaller bubble sizes were predicted by 
these correlations.  
Sano and Mori (1976) reported that for an oxygen – silver system at 1000 oC, their 
correlation fitted experimental data well for gas flow rate higher than 600 cm3 min-1, 
while for gas flow rate lower than 600 cm3 min-1 the experimental data were larger 
than values predicted by the correlation. The difference was attributed to the effect of 
the gas-chamber volume on the bubble size when the gas flow rate was lower than 
600 cm3 min-1. Hence, the larger equivalent bubble diameter obtained from 
experiment in this study compared to bubble diameter predicted by the correlation of 
Sano and Mori (1976) might have been due to the effect of the gas-chamber on the 
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bubble size in the flow rates range 5–200 cm3 min-1 considered in this study. 
The model of Gaddis and Vogelpohl (1986) did not fit the experimental data in both 
cases of Figure 6.8 and Figure 6.9 due to similar reasons discussed for the water 
system. Also, the experimental data used by Gaddis and Vogelpohl (1986) to validate 
their theoretical correlation were obtained from air-water, air-glucose, air-aqueous 
glycerol, air-ether systems with liquid densities in the range 1000 – 1320 kg m3, 
surface tension in the range 0.06 – 0.08 N m-1 and viscosity in the range 0.001 - 1 
Pa s. The density, viscosity, and surface tension of molten tin at 800 oC shown on 
Table 6.1 do not lie within this range. 
Figure 6.8 and Figure 6.9 show that the correlation of Jamialahmadi et al. (2001) did 
not fit the experimental data; the range of surface tension 0.02 – 0.08 N m-1 
considered in the development of their correlation did not include the surface tension 
of molten tin, which is more than 5 times higher than water. Since the correlation 
obtained by neural networks depended on the data used to train the network, this 
might be the reason for the inability of the correlation to accurately predict the size of 
bubbles generated in molten tin even when the outer nozzle diameter was used in 
the correlation for the estimation of the bubble diameter. 
 Hence, the correlations reported in the literature for the estimation of bubble sizes 
may not accurately predict the actual sizes of bubbles generated in molten tin, so 
experimental measurement are required to obtain more accurate bubble sizes which 
are essential to defining the kinetics of bubble – molten tin reactions. 
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Figure 6.10: Effect of temperature and gas flow 
rate on frequency of bubbles generated by 3 
mm O.D., 2 mm I.D. alumina nozzle submerged 
in molten tin  
Figure 6.11: Effect of temperature and gas flow 
rate on frequency of bubbles generated by 6 mm 
O.D., 4 mm I.D. alumina nozzle submerged in 
molten tin 
Figure 6.10 and Figure 6.11 show the effect of helium gas flow rate on the frequency 
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of formation of bubbles in molten tin by 3 mm O.D., 2 mm I.D. and 6 mm O.D., 4 mm 
I.D. alumina nozzles respectively; the bubble frequency increased with increasing 
gas flow rate for both nozzle dimensions. Figure 6.10 shows that the bubble 
frequency decreased with increasing temperature at constant gas flow rates; this was 
due to the increase in bubble volume associated with gas expansion with increasing 
temperature at a constant gas flow rate (Kumar & Kuloor, 1970). The temperature 
effect on the bubble frequency was not very significant for the 6 mm nozzle 
compared to the 3 mm nozzle, because the gas flow rate and nozzle diameter mainly 
determine the bubble frequency (Kulkarni & Joshi, 2005). Andreini, Foster and Callen 
(1977) have also reported increased bubble formation frequencies with increasing 
gas flow for argon-tin (262 oC), argon-lead (357 oC), and argon-copper (1113 oC) 
systems. 
Figure 6.12 and Figure 6.13 show the effects of gas flow rate and temperature on 
measured bubble volume and equivalent bubble diameter for the 3 mm O.D., 2 mm 
I.D. alumina nozzle, respectively, while Figure 6.14 and Figure 6.15 show the effects 
of gas flow rate and temperature on measured bubble volume and equivalent bubble 
diameter for the 6 mm O.D., 4 mm I.D. alumina nozzle, respectively. The sizes of 
bubbles generated by both nozzles increased with increasing gas flow rate in the 
range 5 – 200 cm3 min-1 and temperature in the range 973 – 1173 K investigated. 
The bubble sizes were expected to increase with increasing gas flow rate for a 
constant nozzle dimension and operating condition (Kulkarni & Joshi, 2005); the 
observed increase in bubble sizes with increasing temperature was due to expansion 
of the gas with increasing operating temperature. Sano and Mori (1976) have also 
shown that bubbles generated by submerged nozzles increased with increasing gas 
flow rate in oxygen-molten silver, air-mercury, nitrogen–mercury systems. Likewise, 
Irons and Guthrie (1978) reported an increase in argon bubble volume with flow rate 
for bubbles formed at nozzles submerged in molten pig iron at 1250 oC. 
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Figure 6.12: Effect of temperature and gas flow 
rate on volume of bubbles generated by 3 mm 
O.D., 2 mm I.D. alumina nozzle submerged in 
molten tin 
Figure 6.13: Effect of temperature and gas flow 
rate on volume of bubbles generated by 6 mm 
O.D., 4 mm I.D. alumina nozzle submerged in 
molten tin 
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Figure 6.14: Effect of temperature and gas flow 
rate on diameter of bubbles generated by 3 mm 
O.D., 2 mm I.D. alumina nozzle submerged in 
molten tin 
Figure 6.15: Effect of temperature and gas flow 
rate on diameter of bubbles generated by 6 mm 
O.D., 4 mm I.D. alumina nozzle submerged in 
molten tin 
Figure 6.16 shows the effect of nozzle diameter on the frequency of bubble formation 
in molten tin at 800 oC; bubble formation frequency decreased with increase in nozzle 
diameter from 3 mm O.D., 2 mm I.D. to 6 mm O.D., 4 mm I.D. because the nozzle 
diameter also determines the bubble formation frequency, in addition to the gas flow 
rate (Kulkarni & Joshi, 2005). Figure 6.17 shows the effect of nozzle diameter on the 
equivalent diameter of bubbles generated by alumina nozzle submerged in molten 
tin; the equivalent bubble diameter increased when the nozzle diameter was 
increased from 3 mm O.D., 2 mm I.D. to 6 mm O.D., 4 mm I.D. because the surface 
tension force increased with nozzle diameter (and thickness) and so did the 
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adherence (detachment) time of the bubble to (from) the nozzle resulting in lower 
frequency observed in Figure 6.16 and larger bubbles of Figure 6.17 (Liow, 2000; 
Kulkarni & Joshi, 2005).  
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Figure 6.16: Effects of gas flow rates and nozzle 
diameter on frequency of bubbles generated by 
alumina nozzles submerged in molten tin at 800 
oC  
Figure 6.17: Effects of gas flow rates and nozzle 
diameter on diameter of bubbles generated by 
alumina nozzles submerged in molten tin at 800 
oC 
Jamialahmadi et al. (2001) reported increased bubble diameter with increasing 
nozzle diameter in the range 0.5 – 3.0 mm for air-water system while Sano & Mori 
(1976) reported increased bubble diameter with increased nozzle diameter for air-
mercury and nitrogen-mercury systems. These results show that the effects of gas 
flow rate and nozzle diameter on the sizes of bubbles generated by alumina nozzles 
submerged in molten tin at elevated temperatures are more pronounced and 
significant than the effect of the liquid properties. The reasons were that the effect of 
liquid viscosity on bubble size reduces for large nozzle diameters and high gas flow 
rates, the bubble volume is independent of the liquid density for shallow liquid head, 
while the surface tension force is dependent on the nozzle diameter and thickness 
(Gaddis & Vogelpohl, 1986; Liow 2000; Kulkarni and Joshi, 2005). Although 
temperature influences the liquid properties, the observed effects of temperature 
(973 – 1173 K) on the bubble frequency and size were thought to be largely due to 
gas expansion which occurred with increasing temperature.  
The sizes of bubbles generated by the 3 mm O.D., 2 mm I.D. alumina nozzle 
submerged in molten tin in the temperature range 1073 – 1173 K and gas flow rate 
range 5 – 180 cm3 min were in the range 7  – 10 mm, while the bubbles generated by 
the 6 mm O.D., 4 mm I.D. alumina nozzle submerged in molten tin in the temperature 
range 1073 – 1173 K and gas flow rate range 5 – 180 cm3 min-1 were 8 - 13 mm. 
These bubbles were of intermediate sizes and could be approximated as oblate 
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spheroidal shapes (Sherwood et al., 1975; Clift, Grace & Weber, 1978). 
The magnitudes of the Eötvös and Morton numbers of bubbles generated by both 
nozzles were less than 40 and 10-6 respectively, so the bubble aspect ratios were 
obtained from equation 2.45 given by Wellek, Agrawal and Skelland (1966). The 
aspect ratios of bubbles generated in molten tin by the 3 mm alumina nozzle were 
between 0.45 and 0.60, while those generated by the 6 mm nozzle were in the range 
0.38 to 0.54. These aspect ratios were less than 1, so according to Clift, Grace and 
Weber (1978), the bubbles were oblate spheroids.  
The terminal rise velocities of bubbles in molten tin could not be measured in the 
system investigated, so they were estimated from correlation. The Mendelson wave 
equation 2.49 which has been shown to suitably predict the terminal rise velocity of 
ellipsoidal bubbles in molten metal (Mendelson, 1967; Schwerdtfeger, 1968; Zhang, 
Eckert & Gerbeth, 2005; Kulkarni & Joshi 2005) was employed in the estimation of 
bubble terminal rise velocities 
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Figure 6.18: Effect of bubble diameter on 
terminal rise velocity of bubbles generated by 3 
mm O.D., 2 mm I.D. alumina nozzle submerged 
in molten tin  
Figure 6.19: Effect of bubble diameter on terminal 
rise velocity of bubbles generated by 6 mm O.D., 
4 mm I.D. alumina nozzle submerged in molten tin 
Figure 6.18 and Figure 6.19 show the effect of bubble equivalent diameter on bubble 
terminal rise velocities for the 3 mm and 6 mm nozzles respectively. The bubble rise 
velocities were obtained from the Mendelson wave equation 2.49 (Mendelson, 1967). 
These bubble rise velocities were similar to those measured by Andreini, Foster & 
Callen (1977) for bubbles generated by top submerged orifice in molten tin at 262 oC; 
they reported bubble velocities in the range 0.2 – 0.3 m s-1 for bubble diameters in 
the range 4 – 14 mm. They were also similar to the measured velocities reported by 
Enrique Julia et al. (2005) for ellipsoidal-shaped air bubbles in water with equivalent 
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diameters and velocities in the range of 2.8-5.2 mm and 0.22-0.28 m s-1, respectively. 
Comparing the plots of Reynolds number versus Eötvös number of Figure 6.20 and 
Figure 6.21, and the Morton numbers with the shape regime map presented by Clift, 
Grace and Weber (1978), the bubbles generated by the 6 mm and 3 mm alumina 
nozzles in molten tin in the temperature range 973 – 1173 K and gas flow rate range 
5 – 180 cm3 min-1 investigated had relatively high Reynolds numbers and 
intermediate Eötvös numbers, and so were oblate spheroids which wobbled. 
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Figure 6.20: Plot of bubble Reynolds number 
versus Eötvös number for bubbles generated in 
molten tin by a 3 mm O.D., 2 mm I.D. alumina 
nozzle  
Figure 6.21: Plot of bubble Reynolds number 
versus Eötvös number for bubbles generated in 
molten tin by a 3 mm O.D., 2 mm I.D. alumina 
nozzle  
6.3. Chapter Conclusions 
• The pressure pulse technique which incorporates a differential pressure 
transducer was employed successfully in the measurement of frequencies of 
bubble formation in water at 20 oC and more significantly in molten tin at high 
temperatures in the range 973 -1173 K. 
• The sizes of bubbles generated in water were not the same as in molten tin 
under the same condition of nozzle properties and gas flow rate, so 
models/correlations developed based on water or its propetrties may not 
accurately predict the size of bubbles generated in molten metals (e.g. tin).  
• Correlations reported in the literature may not correctly predict the bubble 
sizes even for water and in cases where it was used as the modelling fluid. 
Hence, experimental measurements may be required to accurately determine 
bubble sizes. 
• The effect of nozzle diameter on bubble size was more pronounced than the 
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effect of temperature, so the sizes of bubbles generated in molten tin may be 
reduced effectively by using smaller nozzles. 
• The sizes of bubbles generated by the 3 mm O.D., 2 mm I.D. alumina nozzle 
submerged in molten tin in the temperature range 1073 – 1173 K and gas flow 
rate range 5 – 180 cm3 min-1 were in the range 7 – 10 mm, while the bubbles 
generated by the 6 mm O.D., 4 mm I.D. alumina nozzle submerged in molten 
tin in the temperature range 1073 – 1173 K and gas flow rate range 5 – 200 
cm3 min-1 were 8 – 13 mm. These bubbles were approximated as oblate 
spheroids which wobbled. 
• Bubble terminal velocities which ranged from 0.23 – 0.27 m s-1 were estimated 
for the bubble equivalent diameters in the range 7 – 13 mm by the Mendelson 
wave equation. Velocities of bubbles estimated by the Mendelson wave 
equation were close to measured terminal velocities of 0.2 – 0.3 m s-1 for 
bubble diameters in the range 4 – 14 mm reported in the literature for bubbles 
generated in molten tin at 262 oC.  
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7. Kinetic Models for Oxygen Dissolution in Molten Tin  
Kinetic models for the dissolution of oxygen in molten tin are presented and 
discussed in this chapter. Four kinetic models were considered; gas phase diffusion 
controlled, liquid phase diffusion controlled, surface chemical reaction controlled, and 
mixed liquid phase and chemical reaction controlled rate models. The liquid and gas 
phase diffusion controlled rate models were initially presented and solved for a single 
bubble rising through the molten tin in order to compare the two and eliminate the 
more rapid gas phase diffusion rate. The liquid phase diffusion controlled model was 
also solved to predict the effect of temperature and bubble size on the rate of oxygen 
dissolution in molten tin. The liquid phase diffusion controlled rate model was then 
modified to incorporate several bubbles and the models for the chemical reaction and 
mixed controlled rates incorporating several bubbles subsequently presented.  
7.1.  Models for Oxygen Dissolution in Molten Tin 
Kinetic models for oxygen transfer from a bubble rising through molten tin are 
developed in this section. The overall process of oxygen dissolution in molten tin is 
described by equation 7.1: 
  2
1
( )
2 Sn
O g O  [7.1] 
This overall process may involve the following steps: 
 The diffusion of oxygen molecules from the bulk gas phase in the bubble to the 
bubble | molten tin interface. 
 The chemical reaction described by equation 7.1 at the bubble | molten tin 
interface. 
 The diffusion of the dissolved oxygen atoms from the bubble | molten tin 
interface to the bulk molten tin. 
Any one of these steps which are illustrated schematically by Figure 7.1 may limit the 
overall oxygen dissolution process. 
The diffusivity of oxygen molecules in helium and that of oxygen atoms in molten tin 
are compared in Figure 7.2; the diffusivity of oxygen molecules in helium is about 105 
times higher than that of the atoms in molten tin, so the diffusion of oxygen molecules 
to the bubble | molten tin interface is expected to be very rapid compared to the 
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diffusion of oxygen atoms from the bubble | molten tin interface to the bulk molten tin.  
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Figure 7.1: Schematic of oxygen dissolution in 
molten tin  
Figure 7.2: Effect of temperature on diffusivity of 
oxygen molecules in helium (Fuller, Schettler & 
Giddings, 1966) and oxygen atoms in molten tin 
(Otsuka & Kozuka, 1974) 
7.1.1. Liquid Phase Diffusion Controlled Rate Model 
Two forms of this model were considered in this section: 
i) to determine the rate of oxygen transfer from a bubble to the molten tin by 
monitoring the amount of oxygen molecules transferred from a single 210%O He  
bubble to the molten tin: This was to determine the amount (mole %) of oxygen 
molecules in a single 210%O He  bubble (rising through the molten tin) that would 
be transferred to the molten tin within a particular residence time (corresponding 
to a depth of molten tin in the reactor). This was to ensure that sufficient depth of 
molten tin was available for oxygen dissolution in the molten tin. 
ii)  to predict changes in dissolved oxygen concentration (in atom %) in the molten 
tin for the entire oxygen dissolution process from an initial concentration of zero to 
the solubility limit of oxygen in molten tin at the particular operating temperature; 
in this case, the surface area of a single bubble was employed as the mass 
transfer area and the model was solved to predict the effect of operating 
temperature on the rate of absorption of oxygen by molten tin. 
7.1.1.1 Oxygen Transfer from a Single Bubble Rising in Molten Tin 
A 210%O He  bubble rising through a cylindrical column of molten tin of a depth ( h ) 
shown schematically in Figure 7.3 was considered in this model. It was assumed that 
this bubble detached after formation at position ( 0x  ) and began to ascend the 
170 
 
column of molten tin at time 0t   with a terminal rise velocity ( B ). As the bubble 
rose through the molten tin, the oxygen in the bubble was transferred to the molten 
tin and the inert helium gas exited the molten tin after the bubble had ascended 
through a depth ( h ) of molten tin with a bubble residence time ( residencet ). 
O2-He
He
[ ]SnO
;residencet t x h 
0; 0t x 
SnV
B h
 
Figure 7.3: Schematic of a 210%O He  bubble rising in molten tin 
of depth ( h ) with a residence time ( residencet ) after its formation and 
detachment at position 0x  at time 0t   
The assumptions made in the development of this model include: 
 The diffusion of oxygen molecules from the bulk gas phase to the bubble-
molten tin interface was very rapid while the chemical reaction described by 
equation 7.1 was at equilibrium, so the rate of the oxygen dissolution process 
was limited by the diffusion of oxygen atoms from the bubble | molten tin 
interface to the bulk molten tin. 
 The temperature of the bubble was the same as that of the molten tin. 
 The bubble rising in the molten tin did not disintegrate or coalesce. 
 The bubble rose with a constant terminal rise velocity which was attained 
immediately after detachment. 
 There was negligible absorption or dissolution of oxygen during bubble 
formation, so the mass transfer started immediately the bubble began to 
ascend after its detachment from the nozzle.  
 The bubble sizes used in the modelling as well as those measured 
experimentally were oblate spheroids. Equivalent spherical bubble diameter 
which is the diameter of the sphere of the same volume as the oblate spheroid 
was used to approximate the bubble surface area. The error involved in 
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approximating the surface area of oblate spheroidal bubbles with spheres has 
been reported to be negligible (Ali & Ray, 1974; Nanda & Geiger, 1971). 
When the oxygen dissolution process is limited by the diffusion of dissolved oxygen 
atoms in the molten tin, the rate of transport of the dissolved oxygen atoms from the 
bubble | molten tin interface to the bulk molten tin defines the rate of the overall 
oxygen dissolution process. This rate (mol s-1) is expressed as:  
  [ ] [ ] [ ]bO B L O Oi b
dn
A k C C
dt
   [7.2] 
The initial condition is:  [ ] 0bOn   at 0t   [7.3] 
Where [ ]bOn is moles of dissolved oxygen atoms in the bulk molten tin, Lk  is the liquid 
film mass transfer coefficient (m s-1), BA  is the mass transfer area (m
2) while [ ]O iC  
and [ ]O bC are the concentrations (mol m
-3) of the dissolved oxygen in molten tin at the 
bubble | molten tin interface and the bulk molten tin, respectively. 
[ ]OC  may be defined as: 
[ ]
[ ]
[ ]
100
Sn O
O
Sn
n nO
C
V
 
  
 
 [7.4] 
[ ]O  is the dissolved oxygen in molten tin in atom %, SnV  is the volume (m
3) of molten 
tin while Snn   is the amount (moles) of molten tin. A dilute solution of oxygen atoms in 
molten tin may be assumed such that [ ]Sn On n ; thus, equation 7.4 becomes: 
 [ ]
[ ] [ ]
. .
100 100
Sn Sn
O
Sn Sn
nO O
C
V M

   [7.5] 
Sn  is the density (kg m
-3) of molten tin given by equation 7.6 (Alchagirov & 
Chochaeva, 2000) while SnM  is the molecular weight of tin (in kg mol
-1).  
 
,
47.31 (6.37 10 )
TSn
x T    [7.6] 
Hence equation 7.2 may be written as: 
  ,[ ] [ ] [ ]
100
Tb SnO
B L i b
Sn
dn
A k O O
dt M

   [7.7] 
It is assumed that the bubble | molten tin interface is saturated with dissolved oxygen, 
such that the interfacial concentration ([ ]iO ) is the saturation concentration ( ,[ ]s TO ) of 
oxygen in molten tin at the operating temperature. Thus equation 7.7 becomes:  
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  ,[ ] ,[ ] [ ]100
Tb SnO
B L s T b
Sn
dn
A k O O
dt M

   [7.8] 
The saturation concentration ,[ ]s TO , (in atom %) described by equation 7.9, given by 
Belford and Alcock (1965), was used.   
  10 ,
5730( )
og [ ] / % 4.19s T
K
L O atom
T

 
 
 [7.9] 
The bubble surface (mass transfer) area BA  is related to the equivalent bubble 
diameter 
eB
d  by equation 7.10: 
 2
eB B
A d  [7.10] 
The liquid film mass transfer coefficient given by Higbie (1935) was used: 
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 [7.11] 
LD  is the diffusion coefficient (m
2 s-1) of oxygen atom in molten tin while Bv  is the 
bubble rise velocity (m s-1) . The diffusivity correlation reported by Otsuka & Kozuka 
(1974) for the diffusion of oxygen atoms in molten tin, expressed by equation 7.12 
was used. 
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 [7.12] 
R  is the gas constant (J mol-1 K-1) while T  is the absolute temperature. Mendelson 
(1967) has shown that the rise velocity of ellipsoidal and spherical cap bubbles can 
be related to the equivalent bubble diameter and the liquid properties by equation 
7.13 obtained from the wave theory:  
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e
e
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B
L B
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
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 
  
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 
 [7.13] 
  and L  are the liquid surface tension (N m
-1) and density (kg m-3) respectively 
while g  is the gravitational acceleration. Schwerdtfeger (1968) and Zhang, Eckert & 
Gerbeth (2005) have shown that the bubble rise velocities of argon bubbles in 
mercury obtained by experiment matched those predicted by the Mendelson 
equation very well. When the bubbles are large 
2
2
e
e
B
L B
gd
d


 , the Mendelson 
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equation reduces to equation 7.14 which is equivalent to the bubble rise velocity 
described by equation 7.15 for spherical cap bubbles derived by Davies & Taylor 
(1950) and Haberman & Morton (1953). Both equations show that the rise velocities 
of large bubbles are independent of the properties of the liquid and are simply a 
function of the bubble diameter. 
 
2
eB
B
gd
v   [7.14] 
 1.02
2
eB
B
gd
v   [7.15] 
The bubbles considered in this study were ellipsoidal in shape, so the Mendelson 
equation was used. As the bubble rose through the molten tin, oxygen was 
transferred to the molten tin and the bubble shrank. The bubble diameter is related to 
the bubble volume by equation 7.16: 
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36
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B
B
V
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 
 [7.16]
 
BV  is the bubble volume. From the ideal gas law; 
 
 
2O He
B
B
RT n n
V
P

  [7.17] 
2O
n  and Hen  are moles of oxygen molecules and helium in the rising bubble 
respectively while BP  is the bubble pressure defined by equation 7.18 as: 
 
4
( )
e
Sn
B N Sn
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P P g h x
d

     [7.18] 
NP  is the standard atmospheric pressure, h  is the depth of the molten tin and x  is 
the position of the bubble at time t . So equation 7.17 becomes: 
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 [7.19] 
Equations 7.16 and 7.19 were solved to account for the changes in the bubble 
diameter due to the shrinkage caused by oxygen transfer to the molten tin as the 
bubble rose through the molten tin. The depth h  of molten tin in the reactor was 
related to the inner radius of a cylindrical reactor by equation 7.20: 
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V
h
r
  [7.20] 
 SnSn
Sn
m
V

  [7.21] 
Snm  is the mass (kg) of tin in the reactor. The bubble position x  was obtained by 
integrating the velocity equation: 
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 [7.22] 
With the initial condition:  0x   at 0t   [7.23] 
The dissolved oxygen atoms in the molten tin (in atom%) is defined by equation 7.24 
as: 
 [ ]
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O Sn
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n n
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 [7.24] 
 SnSn
Sn
m
n
M
  [7.25] 
The amount (moles) of oxygen molecules transferred at time t  was related to the 
amount (moles) of dissolved oxygen in the molten tin by equation 7.26, the amount 
(moles) of oxygen molecule present in the bubble at any time t  is given by equation 
7.27 while the amount (mole percentage) of oxygen molecules transferred at time t  
from the bubble to the molten tin was obtained from equation 7.28. 
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 [7.28] 
The other necessary initial conditions were those of the bubble volume, pressure, 
and composition at detachment. 
The initial amount (moles) of oxygen molecules in the bubble was: 
 
2, 2, ,o oO O t o
n x n  [7.29] 
Where ,t on  is the initial total amount (moles) of 210%O He  gas in the bubble and it is 
defined by equation 7.30 while 
2,oO
x  is the mole fraction of oxygen molecules initially 
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in the bubble at detachment. 
 ,
o oB B
t o
P V
n
RT
  [7.30] 
oB
P  is the initial bubble pressure while 
oB
V  is the initial bubble volume defined by 
equations 7.31 and 7.32 respectively. 
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Where 
oB
d  is the initial bubble diameter at detachment. In solving the model, two 
cases were considered: 
i) a constant initial bubble diameter of 5 mm was assumed for all temperatures 
considered; 
ii) the initial bubble diameter was predicted by the correlation developed by Sano & 
Mori (1976) for bubbles in molten metals: 
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 [7.33] 
on
d  is the outer diameter of the nozzle and 'GV  is the gas volumetric flow rate at the 
operating temperature and pressure. This correlation was included in the model to 
predict the initial bubble diameter at detachment for a constant gas flow rate used at 
each temperature, in order to investigate the effect of temperature on the initial 
bubble size and consequently on the overall rate of oxygen dissolution in the molten 
tin.  
The models developed for oxygen dissolution in molten tin were solved numerically 
by the Runge Kutta fourth order method using the parameters defined on Table 7.1 
and Table 7.2 and the Berkeley Madonna equation solver which is a fast, convenient, 
general purpose differential equation solver (http://www.berkeleymadonna.com/). The 
amount (mole%) of oxygen molecules transferred from the 210%O He  bubble to the 
molten tin was plotted as a function of bubble residence time to show the changes in 
the bubble oxygen content as the bubble rose through the molten tin and the oxygen 
dissolution process progressed. Bubble diameter was plotted as a function of bubble 
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residence time to show the changes in bubble size as the bubble rose through the 
molten tin and mass transfer of oxygen from the bubble to the molten tin occurred.  
Table 7.1: Surface tension of molten tin at temperatures of interest (Sharafat & Ghoniem, 2000) 
Temperature / K Sn  / N m
-1 
973 0.512 
1023 0.508 
1073 0.504 
1123 0.501 
1173 0.496 
Table 7.2: Parameters for the models for oxygen dissolution and reactions of dissolved oxygen with 
methane and hydrogen 
Parameter Value Unit 
reactorr  0.035 m 
Snm  3 kg 
SnM  0.11871 kg mol-1 
GV  20 ml min-1 
NP  101325 Pa 
R  8.314462 J mol-1 K-1 
g  9.80665 m s-2 
nod  3 mm 
  3.141592654  
2,oO
x  0.1  
 
  
The concentration (in atom%) of dissolved oxygen atoms in molten tin ([O]Sn) was 
also plotted versus time to show the changes which occurred in the [O]Sn 
concentration due to the dissolution of oxygen in the molten tin. 
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Figure 7.4 shows the predicted time dependence of the amount (mol %) of oxygen 
molecules transferred from a single 210%O He  bubble to molten tin at different 
operating temperatures in the range 973 – 1173 K. The rate of oxygen dissolution in 
molten tin was predicted to increase with increasing molten tin temperature in the 
range 973 – 1173 K investigated.  
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Figure 7.4: Predicted time dependence of 
amount of oxygen molecules (moles%) in a 
single 5 mm 210%O He  bubble transferred to 
molten tin at different temperatures in the range 
973 – 1173 K 
Figure 7.5: Predicted time dependence of 
bubble diameter at different temperatures in the 
range 973 – 1173 K   
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Figure 7.6: Predicted time dependence of [O]Sn 
concentration (atom%) at different temperatures 
in the range 973 – 1173 K  
Figure 7.7: Predicted time dependence of 
amount of oxygen molecules (mol%) in a single 
210%O He  bubble transferred to molten tin 
at 800 oC for different initial bubble sizes in the 
range 2 – 10 mm  
The diffusivity and solubility of oxygen in molten tin increase with increasing 
temperature (Otsuka & Kozuka, 1974; Belford & Alcock, 1965), which implies that the 
mass transfer coefficient and the driving force of concentration difference increase 
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with temperature. Hence, the rate of oxygen transfer from the bubble to the molten tin 
defined by equation 7.8 was expected to increase with increasing temperature of the 
molten tin as shown in Figure 7.4. This result also shows that at each of the 
temperatures considered the entire amount of oxygen molecules in the 210%O He  
bubble was transferred to the molten tin during the bubble residence in the molten 
tin. Figure 7.5 shows the predicted effect of the oxygen dissolution process on the 
size of the bubble at different temperatures. As expected, the bubble size was 
predicted to decrease at each of the temperatures considered as it ascended through 
the molten tin; this decrease was due to the transfer of oxygen molecules from the 
bubble to the molten tin according to reaction 7.1. Figure 7.6 shows the expected 
increase in the dissolved oxygen concentration due to the transfer of oxygen from the 
bubble to the molten tin as the bubble ascended through the molten tin. The 
predicted effect of the initial bubble size on the rate of oxygen dissolution at a 
constant temperature of 800 oC is shown in Figure 7.7. The rate of dissolution of 
oxygen in molten tin was predicted to be favoured by small initial bubble sizes as the 
rate is shown to decrease with increase in the bubble size.  
Figure 7.8 shows the predicted initial sizes of bubbles formed in molten tin as a 
function of temperatures in the range 973 – 1173 K estimated by the correlation of 
Sano & Mori (1976) using a nozzle outer diameter of 3 mm and gas flow rate of 20 ml 
min-1. It is shown that the initial bubble size increased with temperature; this was due 
to gas expansion and decrease in density of the molten tin which occurred with 
increasing molten tin temperature (Kumar & Kuloor, 1970; Kulkarni & Joshi, 2005). 
The effect of temperature on the size of bubbles formed at a single submerged orifice 
in molten tin is discussed in Chapter 6. 
Figure 7.9 is the predicted effect of temperature on the rate of dissolution of oxygen 
in molten tin using the initial bubble size of Figure 7.8 estimated by the correlation of 
Sano & Mori (1976). Even though the initial bubble size increased with temperature 
(and it has been shown in Figure 7.7 that the rate of oxygen dissolution in molten tin 
is expected to decrease with increase in the initial bubble size), as shown in Figure 
7.9, the rate of oxygen dissolution was still predicted to increase with increase in the 
temperature of the molten tin. As shown in Figure 7.10 and Figure 7.11 respectively, 
the dissolved oxygen concentration was predicted to increase while the bubble was 
expected to shrink during the oxygen dissolution process.  
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Figure 7.8: Predicted effect of temperature 
on initial size of bubble formed in molten tin 
(Sano & Mori, 1976)  
Figure 7.9: Predicted time dependence of amount 
of oxygen molecules (mol%) in a single 
210%O He  bubble transferred to molten tin at 
different temperatures in the range 973 – 1173 K, 
with the initial bubble size estimated by the 
correlation of Sano & Mori (1976) 
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Figure 7.10: Predicted time dependence of [O]Sn 
concentration (atom%) at different temperatures 
in the range 973 – 1173 K, with the initial bubble 
size estimated by the correlation of Sano & Mori 
(1976) 
Figure 7.11: Predicted time dependence of 
bubble diameter at different temperatures in 
the range 973 – 1173 K, with initial bubble size 
estimated by the correlation of Sano & Mori 
(1976) 
7.1.1.2 Rate of Change of Dissolved Oxygen Concentration in Molten Tin 
during Oxygen Dissolution 
Equation 7.8 can be written in terms of the changes in the amount (atom %) of the 
dissolved oxygen in the molten tin as: 
  ,
[ ]
[ ] [ ]b B L s T b
Sn
d O A k
O O
dt V
   [7.34] 
The initial condition is:  [ ] 0bO   at 0t   [7.35] 
Equation 7.34 was integrated from an initial concentration of dissolved oxygen atoms 
in molten tin [ ]oO  to the concentration of dissolved oxygen atoms in the bulk molten 
tin ,[ ]b tO  at time t : 
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 , ,
,
[ ] [ ] .
ln
[ ] [ ]
s T b t L B
s T o Sn
O O k A
t
O O V
   
    
    
 [7.36] 
For a liquid phase diffusion controlled rate; the plot of , ,
,
[ ] [ ]
ln
[ ] [ ]
s T b t
s T o
O O
O O
 
  
  
 versus time  
should be a straight line from the origin.  
Equations 7.34 and 7.35 were solved together with equations 7.9, 7.10, 7.11, 7.12, 
7.13, and 7.21 to obtain the time dependence of  the dissolved oxygen concentration 
from the initial value to the saturation concentration during the entire oxygen 
dissolution process with the mass transfer area ( BA ) defined by the initial bubble 
diameter 
oB
d . The two cases of 
oB
d mentioned earlier were also considered; a 
constant initial bubble diameter of 5 mm and one predicted by equation 7.33.  
Figure 7.12 is the solution of equations [7.34] and [7.35] together with equations 
[7.9], [7.10], [7.11], [7.12], [7.13], and [7.21]. The mass transfer area used was the 
area of a single bubble with an initial diameter of 5 mm. It shows the change in the 
dissolved oxygen concentration (in atom %) from an initial concentration of zero atom 
% to the solubility limit of oxygen in molten tin at each temperature considered. The 
dissolved oxygen concentration was predicted to increase from zero to the solubility 
limit at each temperature at a rate which increased with increasing molten tin 
temperature. 
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Figure 7.12: Predicted time dependence of [O]Sn 
concentration at different temperatures in the 
range 973 – 1173 K 
Figure 7.13: Plot of left hand term of equation 
7.36
 
versus time for different temperatures in 
the range 973 – 1173 K 
Figure 7.13 was obtained from the integrated form of equation 7.34, it shows that for 
a liquid phase diffusion controlled oxygen dissolution process, the plot of 
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[ ] [ ]
ln
[ ] [ ]
s b
s o
O O
O O
 
 
 
 versus time  is expected to be a straight line and the rate should 
increase with increasing temperature in the range 973 – 1173 K investigated. [ ]oO  
was the initial concentration (atom %) of the dissolved oxygen in the molten tin. 
Figure 7.14 shows plots of the solution of equations 7.34 and 7.35 together with 
equations 7.9, 7.10, 7.11, 7.12, 7.13, and 7.21. The mass transfer area used was the 
area of a bubble of an initial diameter obtained from the correlation of Sano & Mori 
(1976). Similar to Figure 7.12, it shows the increase in the dissolved oxygen 
concentration (in atom %) from an initial concentration (atom %) of zero to the 
solubility limit of oxygen in molten tin at each of the temperatures considered. The 
rate was also predicted to increase with increasing molten tin temperature. 
Figure 7.15 was also obtained from the integrated form of equation 7.34; it shows 
that for a liquid phase diffusion controlled oxygen dissolution process, the plot of 
[ ] [ ]
ln
[ ] [ ]
s b
s o
O O
O O
 
 
 
versus time  is a straight line and the rate should increase with 
increase in the molten tin temperature in the range 973 – 1173 K considered.  
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Figure 7.14: Predicted time dependence of [O]Sn 
concentration at different temperatures in the 
range 973 – 1173 K (initial bubble size 
estimated by the correlation of Sano & Mori, 
1976) 
Figure 7.15: Plot of left hand term of equation 
7.36 versus time for different temperatures in 
the range 973 – 1173 K, (initial bubble size 
estimated by the correlation of Sano & Mori, 
1976) 
For both cases of initial bubble size considered, 5 mm for all temperatures or those 
predicted by the correlation of Sano and Mori (1974), the entire amount (mol%) of 
oxygen molecules in the 210%O He  bubble was absorbed by the molten tin. It was 
also observed that the rate of oxygen dissolution in molten tin was favoured by small 
bubbles and high temperatures.  
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7.1.2. Gas Phase Diffusion Controlled Rate Model 
In order to compare the expected rate of a gas phase diffusion controlled oxygen 
dissolution process with the liquid phase diffusion controlled one, the model for the 
gas phase controlled process was developed and is presented in this section.  
The model assumptions were the same as those listed and used for the liquid phase 
diffusion model, except that in this case, the gas phase diffusion of oxygen molecules 
in the bubble is the rate limiting step. 
With respect to the single 210%O He  bubble rising through molten tin shown in 
Figure 7.3, if the overall oxygen dissolution process is limited by gas phase diffusion 
of oxygen molecules in the bubble, then the rate of oxygen dissolution in molten tin is 
defined by the rate (mol s-1) of transport of oxygen molecules from the bulk bubble to 
the bubble | molten tin interface expressed as: 
  2, 2, 2T b e
O B G
O O
dn A k
P P
dt RT
    [7.37] 
The initial condition is:  
2 2,oO O
n n  at 0t   [7.38] 
2,bO
P  and 
2e
OP are the partial pressures of oxygen in the bulk bubble and at equilibrium 
with the dissolved oxygen concentration at the bubble | molten tin interface 
respectively. Gk  is the gas film mass transfer coefficient. The equilibrium constant for 
the oxygen reaction of equation 7.1 relates the dissolved oxygen concentration at the 
bubble | molten tin interface and the partial pressure of oxygen at equilibrium with it:  
 
1
2
2
[ ]
O e
bK O P  [7.39] 
The equilibrium constant was computed from the Gibbs energy change for oxygen 
dissolution given by equation 7.41 (Otsuka, Sano & Kozuka, 1981): 
 exp
G
K
RT
 
  
 
 [7.40] 
 176300 20.25G T     [7.41] 
The partial pressure of oxygen in the bulk bubble was expressed as: 
 2
2,
2
b
O
O B
O He
n
P P
n n
 
  
  
 [7.42] 
where Hen  is the amount of helium in the bubble given as: 
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  2,, 1 oHe t o On n x   [7.43] 
The gas film mass transfer coefficient was also defined by the Higbie model (Higbie, 
1935) using the diffusivity of oxygen molecules in helium: 
 
1
2
2
e
G B
G
B
D v
k
d
 
  
 
 
 [7.44] 
The diffusivity of oxygen molecules in helium was predicted from equation 7.45 given 
by Fuller, Schettler & Giddings (1966): 
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2
2
1 1
3 3
2
3 1.75
2
1 1
1.00 10
[( ) ( ) ]
O He
G
O i He i
x T
M M
D
P v v

 
  
 
  
 [7.45] 
2O
M  and HeM  are the molecular weight of oxygen molecule and helium, respectively, 
2O i
v  and He iv  are the diffusion volumes of oxygen molecule and helium 
respectively, T  is the absolute temperature, and P  is the pressure in atmosphere. 
  
Table 7.3 : Additional parameters for gas phase diffusion controlled rate model 
Parameter Value Unit 
2O
M  32 g mol
-1 
HeM  
4 g mol-1 
P  1 atm 
oB
d  0.005 m 
2O i
v  16.6  
He iv  
2.88  
2,oO
x  0.1  
 
The rate of oxygen dissolution controlled by the diffusion of oxygen molecules from 
the bulk of the bubble to the bubble | molten tin interface was investigated by solving 
equations 7.37 and 7.38.  
184 
 
0
10
20
30
40
50
60
70
80
90
100
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
M
o
le
s 
o
f 
o
x
y
g
e
n
 m
o
le
c
u
le
s 
in
 a
 s
in
g
le
 
1
0
%
O
2
-H
e
 b
u
b
b
le
 t
ra
n
sf
e
rr
e
d
 t
o
 m
o
lt
e
n
 
ti
n
 /
 %
Time / s
973 K
1023 K
1073 K
1123 K
1173 K
 
0
20
40
60
80
100
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
M
o
le
s
 o
f 
o
x
y
g
e
n
 m
o
le
c
u
le
s
 i
n
 a
 1
0
%
O
2
-
H
e
 b
u
b
b
le
 t
ra
n
s
fe
rr
e
d
 t
o
 m
o
lt
e
n
 t
in
 /
 %
Time / s
2 mm
4 mm
6 mm
8 mm
10 mm
 
Figure 7.16: Predicted time dependence of moles 
(%) of oxygen molecules in a single 5mm 
210%O He  bubble transferred to molten tin at 
different temperatures in the range 973 – 1173 K 
(based on a gas phase diffusion controlled rate 
model) 
Figure 7.17: Predicted time dependence of 
moles (%) of oxygen molecules in a single 
210%O He  bubble transferred to molten tin 
at 800 oC for different initial bubble sizes in the 
range 2 – 10 mm (based on a gas phase 
diffusion controlled rate model) 
Figure 7.16 shows the predicted effect of temperature on the rate of oxygen 
dissolution in molten tin controlled by gas phase diffusion for a single 210% O He  
bubble of an initial diameter of 5 mm rising through molten tin. It is shown that the 
rate of oxygen dissolution was predicted to increase with increase in the molten tin 
temperature. Figure 7.17 shows that the rate of oxygen dissolution was also 
expected to increase with a decrease in the initial bubble size. These effects of 
temperature and initial bubble size on the rate of oxygen dissolution in molten tin are 
similar to those predicted by the liquid phase diffusion controlled rate model. This 
implies that small bubbles and high temperatures are expected to favour the rate of 
oxygen dissolution in molten tin. 
The comparison of the rate predicted by the gas phase diffusion controlled rate 
model with that predicted by the liquid phase diffusion controlled rate model confirms 
that the liquid phase diffusion of dissolved oxygen atoms in molten tin is slower than 
the gas phase diffusion of oxygen molecules in the bubble. Hence, the liquid phase 
diffusion controlled rate is compared with the chemical reaction and mixed liquid 
phase diffusion and chemical reaction controlled rates in subsequent sections. 
7.2. Modification of The Liquid Phase Diffusion Controlled Rate Model  
As discussed previously, when the oxygen dissolution process is limited by the 
diffusion of dissolved oxygen atoms in the molten tin, the rate of transport of the 
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dissolved oxygen atoms from the bubble | molten tin interface to the bulk molten tin 
defines the rate of the overall oxygen dissolution process. This rate (mol s-1) was 
expressed as:  
 
 ,
[ ]
[ ] [ ]b B L s T b
Sn
d O A k
O O
dt V
   [7.34] 
The initial condition was:  [ ] 0bO   at 0t   [7.35] 
Where BA  was defined as the surface area of a single bubble. In actual experiments, 
several bubbles were generated instantaneously, so the surface area for a single 
bubble was substituted with the total instantaneous bubble area (
TB
A ) in equation 
7.34 to obtain the expression: 
 
 ,
[ ]
[ ] [ ]TB Lb s T b
Sn
A kd O
O O
dt V
   [7.46] 
The total instantaneous bubble area was defined as: 
 .
T TB B B
A A n  [7.47] 
Where 
TB
n  was the number of bubbles in the molten tin at any instant which was 
expressed as:  
 .
TB B r
n f   [7.48] 
Where Bf  was the bubble frequency (s
-1) and r  the bubble residence time (s).  
Hence when equation 7.34 was rewritten to incorporate the instantaneous injection of 
several bubbles into the molten tin, it became: 
  ,
[ ] . .
. . [ ] [ ]b B B rL s T b
Sn
d O A f
k O O
dt V

   [7.49] 
The initial conditions for the differential (model) equations presented in this and 
subsequent sections are the concentration of the dissolved oxygen atoms at the 
beginning of the oxygen dissolution experiments at each temperature,  ,[ ]o TO . 
The bubble frequency was measured while the bubble residence time was obtained 
from the relation: 
 rr
B
h


  [7.50] 
Where rh was the height of molten tin above the submerged nozzle tip and B  the 
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bubble terminal rise velocity which was obtained from the Mendelson wave equation 
(Mendelson, 1967):  
 
1
2
2
2
e
e
B
B
L B
gd
v
d


 
  
 
 
 [7.13] 
Figure 7.18 shows the schematic of the transformation of the liquid phase diffusion 
controlled rate model for a single bubble to that incorporating several bubbles 
instantaneously injected into the molten tin. 
 ,
[ ]
[ ] [ ]b B L s T b
Sn
d O A k
O O
dt V
   ,
[ ] . .
. . [ ] [ ]b B B rL s T b
Sn
d O A f
k O O
dt V

 
Model for a 
single bubble 
Model incorporating 
several bubbles 
 
Figure 7.18: Schematic of the transformation of liquid phase diffusion controlled rate model for a single 
bubble to one which incorporates several bubbles 
Equation 7.49 was integrated from an initial concentration of dissolved oxygen atoms 
in molten tin ,[ ]o TO  to the concentration of dissolved oxygen atoms in the bulk molten 
tin ,[ ]b tO  at time t : 
 , ,
, ,
[ ] [ ] . . .
ln
[ ] [ ]
s T b t L B B B
s T o T Sn
O O k A f
t
O O V
   
    
    
 [7.51] 
Hence, for a liquid phase diffusion controlled rate; the plot of , ,
, ,
[ ] [ ]
ln
[ ] [ ]
s T b t
s T o T
O O
O O
 
  
  
 
versus time  should be a straight line from the origin. Experimental data were fitted to 
this modified liquid phase diffusion controlled rate model; this is presented and 
discussed in Chapter 8. 
7.3. Chemical Reaction Controlled Rate Model 
Two reaction mechanisms were considered for an interfacial chemical reaction 
controlled rate of oxygen dissolution in molten tin: 
(i) the dissociative adsorption of oxygen molecules at the bubble | molten tin 
interface followed by the desorption of the adsorbed oxygen atom and its 
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incorporation in molten tin as dissolved oxygen atoms 
(ii) the chemisorption of oxygen with SnO being the adsorbed species followed by 
the dissociation of the adsorbed species into tin, and oxygen atoms which 
were incorporated in the molten tin as dissolved oxygen atoms. 
The model developed based on each mechanism are presented in this section and 
later analysed with experimental data in Chapter 8. 
7.3.1. Mechanism 1 
This mechanism involves a first step of dissociative adsorption of oxygen to the 
molten tin surface followed by the incorporation of oxygen atoms into the molten tin: 
 
'2 ( ) 2 2
i
i
k
adk
O g O  [7.52i] 
 
'
2 2[ ] 2ii
ii
k
ad Snk
O O   [7.52ii] 
The symbol  represents a vacant site, k  and 
'k are the rate constants for the 
forward and backward reactions respectively, while the subscript ad  denotes an 
adsorbed species. Reaction rates for these elementary steps may be defined as: 
 
2
2 ' 2
adi i O i O
r k P a k a   [7.53i] 
 2 ' 2 2[ ]
adii ii O ii Sn
r k a k O a   [7.53ii] 
Where speciesa  denotes the activity of a species and [ ]SnO  the concentration of 
dissolved oxygen in molten tin. 
In the steady state, the rate of change of surface coverage by adsorbed species is 
assumed to be zero. If reaction i  is the rate limiting step: 
 2 ' 2 2[ ] 0
adii ii O ii Sn
r k a k O a    [7.54] 
 
'
2 2 2 2 21[ ] [ ] 
ad
ii
O Sn Sn
ii ii
k
a O a a O
k K
 [7.55] 
Then the rate of oxygen dissolution in molten tin is predicted to be: 
 
2
'
2 2 2[ ]ii i O Sn
ii
k
r r k a P a O
K
    [7.56] 
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2
2[ ]f O b Snr k P k O   [7.57] 
Where 2f ik k a  and 
'
2i
b
ii
k
k a
K
 . If reaction ii  is the rate limiting step: 
 
2
2 ' 2 0
adi i O i O
r k P a k a    [7.58] 
 
2 2
2 2 2
'ad
i
O O i O
i
k
a P a K a P
k
   [7.59] 
 
2
2 ' 2 2[ ]ii ii i O ii Snr r k K a P k a O    [7.60] 
 
2
2[ ]f O b Snr k P k O   [7.61] 
Where 2f ii ik k K a  and 
' 2
b iik k a . 
7.3.2. Mechanism 2 
This mechanism involves a first step of chemisorption of oxygen molecules at the tin 
surface to form tin monoxide as the adsorbed species, followed by the dissociation of 
the oxide into molten tin and oxygen atoms, which are incorporated in molten tin as 
dissolved oxygen atoms: 
 '
1
( ), 02 ( ) 2 2
 

i
i
k
l x adk
O g Sn SnO  [7.62i] 
 '
1
( ), 02 2[ ] 2
 

ii
ii
k
l xad Snk
SnO O Sn  [7.62ii] 
Where   is the fractional surface coverage of SnO, the maximum surface 
concentration of which is calculable from its (bulk) structure. The reaction rates for 
these elementary steps are given as: 
 
2
2 ' 2
adi i O Sn i SnO
r k P a k a   [7.63i] 
 2 ' 2 2[ ]
adii ii SnO ii Sn Sn
r k a k O a   [7.63ii] 
If reaction 7.62i is the rate limiting step: 
 
2
'
2 2 2[ ]ii i Sn O Sn Sn
ii
k
r r k a P a O
K
    [7.64] 
 
2
2[ ]f O b Snr k P k O   [7.65] 
Where 2f i Snk k a  and 
'
2i
b Sn
ii
k
k a
K
 . If reaction 7.62ii is the rate limiting step: 
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2
2 ' 2 2[ ]ii ii i Sn O ii Sn Snr r k K a P k a O    [7.66] 
 
2
2[ ]f O b Snr k P k O   [7.67] 
Where 2f ii i Snk k K a  and 
' 2
b ii Snk k a . 
The rate equations for the two mechanisms considered have similar final forms: 
 
2
2[ ]f O b Snr k P k O   [7.68] 
The only difference is the definition of the forward fk  and backward bk  rate 
constants. For the bubble-molten tin reaction of this study, equation 7.68 may be 
written as: 
  
2
2[ ] . . . [ ]ib B B B f O b
Sn
d O A f
k P k O
dt V

   [7.69] 
[ ]iO  is the dissolved oxygen concentration at the bubble | molten tin interface. 
For the oxygen dissolution process described as: 
 2 ( ) 2[ ]
f
b
k
Snk
O g O  [7.70] 
The equilibrium constant is defined as: 
  f bK k k  [7.71] 
Also, the partial pressure of oxygen in equilibrium with the dissolved oxygen in 
molten tin is defined as:  
 
2
2[ ]e e
O
O
P
K
  [7.72] 
Substitution of equations 7.71 and 7.72 in equation 7.69 results in: 
  2 2
[ ] . . .
. [ ] [ ]ib b B B B e
Sn
d O k A f
O O
dt V

   [7.73] 
The equilibrium concentration of the dissolved oxygen [ ]eO  is the saturation 
concentration ,[ ]s TO  while the concentration at the interface [ ]iO  is the bulk 
concentration [ ]bO . So equation 7.73 becomes: 
  2 2,
[ ] . . .
. [ ] [ ]bb b B B B s T
Sn
d O k A f
O O
dt V

   [7.74] 
The integrated form of this equation from an initial dissolved oxygen concentration in 
the bulk molten tin ,[ ]o TO  to the concentration ,[ ]b tO  at time t  is:  
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  
  
, , , ,
, , , , ,
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ln
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    
   
     
 [7.75] 
So for a rate controlled by chemical reaction at the bubble | molten tin interface, the 
plot of 
  
  
, , , ,
, , , , ,
[ ] [ ] [ ] [ ]1
ln
2[ ] [ ] [ ] [ ] [ ]
s T b t s T o T
s T s T b t s T o T
O O O O
O O O O O
  
 
   
 versus time  should be a straight line 
from the origin. 
7.4. Mixed Liquid Phase Diffusion and Chemical Reaction Controlled Rate 
The model for the mixed chemical reaction and liquid phase diffusion controlled rate 
is derived as: 
  
[ ] . . .
. [ ] [ ]b L B B B i b
Sn
d O k A f
O O
dt V

   [7.76] 
where the dissolved oxygen concentration at the interface is defined as: 
 
2
2
,4 [ ] [ ]
[ ]
2
L L L
s T b
b b b
i
k k k
O O
k k k
O
       
         
       
  [7.77] 
The expression for the concentration of dissolved oxygen at the bubble | molten tin 
interface [ ]iO  was derived by equating equations 7.76 and the chemical reaction 
controlled rate equation 7.73 (with [ ]eO = ,[ ]s TO ). 
In fitting concentration-time data to this model, the liquid film mass transfer coefficient 
was computed by the Higbie model (Higbie, 1935) using the experimental bubble 
size at each operating condition, while the chemical reaction rate constant was 
obtained by fitting experimental data to the model. 
7.5. Chapter Conclusions 
The liquid phase diffusion controlled rate model predicted rates of oxygen dissolution 
in molten tin which were lower than the gas phase diffusion controlled rates. Based 
on both the gas and liquid diffusion controlled rates, high temperatures and small 
bubbles favour the rate of oxygen dissolution in molten tin. 
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8. Experimental Validation of the Kinetic Model for Oxygen 
Dissolution in Molten Tin 
In the previous chapter, a liquid phase diffusion controlled rate model was employed 
to predict the effect of temperature and initial bubble diameter on the rate of oxygen 
dissolution in molten tin and to show that complete oxygen absorption could be 
achieved during the bubble residence in the molten tin. In this chapter results are 
presented and discussed for the fitting of experimental data to the liquid phase 
diffusion controlled rate model taking into account the actual experimental condition 
involving the instantaneous injection of several bubbles into the molten tin. The 
experimental data were also fitted to the surface chemical reaction and mixed 
(chemical reaction and liquid phase diffusion) controlled rate models and a 
comparison made among the three models to elucidate a rate limiting step for the  
transfer of oxygen from a 10%O2-He bubbles to molten tin. 
8.1. Results and Discussion 
Results are presented and discussed for the fitting of experimental data to the liquid 
phase diffusion, chemical reaction, and mixed controlled rate models. The Berkeley 
Madonna (http://www.berkeleymadonna.com/) curve fitting tool was employed along 
with the differential form of the model equations and experimental data for the data 
fitting. The experimental data were also fitted to the integrated form of the liquid 
phase diffusion and chemical reaction controlled rate to further show how well the 
model fitted the experimental data. The concentration-time data presented previously 
in Chapter 5 were employed for the model validation. The measured bubble 
frequency was ca. 12 – 13 s-1, the equivalent bubble size was ca. 7.7 – 8.2 mm, the 
bubble residence time was ca. 0.42 – 0.41 s while the volume of molten tin in the 
reactor was ca. 4.4 x 104 m3. 
8.1.1. Liquid Phase Diffusion Controlled Rate Model 
The liquid phase diffusion controlled rate model was first used to predict the expected 
effect of injecting several bubbles instantaneously into the molten tin by solving the 
model equation 7.49 using experimental parameter. The solution is presented for 
comparison with that obtained for the single bubble to show the effect of injecting 
several bubbles simultaneously into the molten tin. Results obtained when 
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experimental data were fitted to the liquid phase diffusion controlled rate model are 
then presented and discussed. 
8.1.1.1 Comparison of Model for Single and Multiple Bubbles 
In order to compare the two scales of models discussed previously in Chapter 7; 
equations 7.49 which accounts for several bubbles in the liquid phase diffusion 
controlled rate was solved to predict the expected rate of oxygen dissolution based 
on experimentally derived parameters of bubble size and frequency at each of the 
operating temperatures considered.  
0
0.02
0.04
0.06
0.08
0.1
0.12
0 1000 2000 3000 4000 5000 6000
[O
] S
n
C
o
n
ce
n
tr
a
ti
o
n
 /
 a
to
m
%
Time / s
973 K
1023 K
1073 K
1123 K
 
0
1
2
3
4
5
6
7
8
0 1000 2000 3000 4000 5000 6000
-l
n
[(
[O
] s
,T
-
[O
] b
,t
)/
([
O
] s
,T
-
[O
] o
,T
)]
Time / s
973 K
1023 K
1073 K
1123 K
 
Figure 8.1: Predicted variation of [O]Sn 
concentration with time (based on experimentally 
derived bubble frequency and size incorporation 
in equation 7.49) 
Figure 8.2: Plot of , ,
, ,
[ ] [ ]
ln
[ ] [ ]
s T b t
s T o T
O O
O O
 
  
  
 versus 
time for the concentration-time data of figure 8.1 
Figure 8.1 shows the variation of [O]Sn concentration with time obtained by solving 
equation 7.49 using the experimentally derived bubble frequency, size, residence 
time, volume of molten tin, but a predicted liquid film mass transfer coefficient (Higbie 
model) at each of the operating temperatures considered. It shows that the [O]Sn 
concentration was expected to increase from its initial value to the solubility limit at 
each of the operating temperature. Figure 8.2 shows the plot of 
, ,
, ,
[ ] [ ]
ln
[ ] [ ]
s T b t
s T o T
O O
O O
 
  
  
versus time  obtained from the concentration-time data of Figure 
8.1; it shows that straight lines were expected for these plots and the slope should 
increase with increasing temperature. Hence, similar to the prediction of the single 
bubble model, the rate of oxygen dissolution in molten tin controlled by the liquid 
phase diffusion of dissolved oxygen atoms in molten tin was expected to increase 
with increasing temperature in the range 973 – 1123 K investigated. 
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A comparison of Figure 8.1 obtained by solving equation 7.49 (which incorporates 
several bubbles) with Figure 7.12 obtained by solving equation 7.34 (which considers 
only a single bubble) shows that the difference in time scale in the predicted time 
dependence of the [O]Sn concentration was due to equation 7.49 incorporating the 
total instantaneous bubble area as illustrated in Figure 7.18: 
  ,
[ ]
[ ] [ ]b B L s T b
Sn
d O A k
O O
dt V
   [7.34] 
  ,
[ ] . .
. . [ ] [ ]b B B rL s T b
Sn
d O A f
k O O
dt V

   [7.49] 
8.1.1.2 Fitting of Experimental Data to Liquid Diffusion Controlled Rate Model 
Figure 8.3 shows the variation of [O]Sn concentration with time; in this case the entire 
experimental data was fitted to the liquid phase diffusion controlled rate model 
(equation 7.49) to determine if the rate was controlled by the liquid phase diffusion of 
oxygen atoms in the molten tin. The model did not fit the experimental data for the 
entire time of the oxygen dissolution experiment. Figure 8.4 shows the portion of data 
obtained before the dissolved oxygen concentration began to approach the solubility 
limit and the potential for tin monoxide formation (shown in Figure 5.6 to Figure 5.9), 
fitted to the liquid phase diffusion model.  
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Figure 8.3: Variation of [O]Sn concentration with 
time (fitting of experimental data to a liquid 
phase diffusion controlled rate model - equation 
7.49) 
Figure 8.4: Variation of [O]Sn concentration with 
time (fitting of abridged experimental data to a 
liquid phase diffusion controlled rate model -
equation 7.49) 
A seeming better fit was obtained compared to when the entire data and time range 
was considered. The [O]Sn concentration at time zero was the concentration at the 
equilibrium open circuit potential difference for hydrogen oxidation which was 
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obtained after reduction of the molten tin with hydrogen. This was the minimum and 
very low [O]Sn concentration at which oxygen dissolution in the molten tin was 
commenced. 
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Figure 8.5: Plot of , ,
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versus time for experimental data obtained at 
973, 1023, 1073, and 1123 K (fitting of 
experimental data to the liquid phase diffusion 
controlled rate model – equation 7.51) 
Figure 8.6: Plot of , ,
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[ ] [ ]
ln
[ ] [ ]
s T b t
s T o T
O O
O O
 
  
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 versus 
time for experimental data obtained at 973, 1023, 
1073, and 1123 K (fitting of abridged experimental 
data to the liquid phase diffusion controlled rate 
model -  equation 7.51)  
The experimental data was also fitted to the integrated form of the liquid phase 
diffusion controlled rate (equation 7.51); Figure 8.5 shows that the expected straight 
lines were not observed when the entire [O]Sn concentration – time data was 
considered. Figure 8.6 also shows that the experimental data did not fit this model 
well, even for the portion of data obtained before the dissolved oxygen concentration 
began to approach the solubility limit and the potential for tin monoxide formation. 
Table 8.1 shows the predicted and experimentally derived mass transfer coefficient; 
the predicted mass transfer coefficient increased with increasing temperature but 
contrary to expectation the experimentally derived values decreased with increasing 
temperature. Hence, the results presented on Table 8.1 and by Figure 8.3 to Figure 
8.6 show that the liquid phase diffusion of oxygen atoms in the molten tin did not 
control the rate of oxygen dissolution in molten tin when 10%O2-He was bubbled 
through it at each temperatures considered in range 973 – 1123 K.  
 
 
 
195 
 
Table 8.1: Comparison of observed and predicted mass transfer coefficients for oxygen dissolution in 
molten tin  
Temperature / K Mass Transfer Coefficient 
/ m s-1 
(Predicted by Higbie Model) 
Mass Transfer Coefficient 
/ m s-1 
(Experimentally-derived) 
973 4.86 x 10-4 5.47 x 10-4 
1023 5.06 x 10-4 3.96 x 10-4 
1073 5.3 x 10-4 2.14 x 10-4 
1123 5.53 x 10-4 1.24 x 10-4 
 
8.1.2. Chemical Reaction Controlled Rate Model 
Similar to the liquid phase diffusion controlled rate model, the experimental data were 
fitted to the chemical reaction rate controlled model (equations 7.74 and 7.75): 
  2 2,
[ ] . . .
. [ ] [ ]bb b B B B s T
Sn
d O k A f
O O
dt V

   [7.74] 
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Figure 8.7: Variation of [O]Sn concentration with 
time (fitting of experimental data to a chemical 
reaction controlled rate model - equation 7.74) 
Figure 8.8: Variation of [O]Sn concentration with 
time (fitting of abridged experimental data to a 
chemical reaction controlled rate model - equation 
7.74) 
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Figure 8.9: Plot of the left hand term of equation 
7.75 versus time; (fitting of experimental data to 
the integrated form of the chemical reaction 
controlled rate model – equation 7.75) 
Figure 8.10: Plot of the left hand term of equation 
7.75 versus time (fitting of abridged experimental 
data to integrated form of the chemical reaction 
controlled rate model - equation 7.75) 
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 [7.75] 
Figure 8.7 shows the experimental data for the time dependence of [O]Sn 
concentration fitted to the chemical reaction controlled rate model given by equation 
7.74; the chemical reaction controlled rate model did not give a good fit to the entire 
concentration-time data. However, Figure 8.8 shows that the model fitted excellently 
the concentration-time data that corresponded to the region before the dissolved 
oxygen concentration approached the solubility limit and the potential for tin 
monoxide formation.  
Table 8.2: Chemical reaction rate constants for oxygen dissolution in molten tin  
Temperature / K Forward Rate Constant / m atom%-1 s-1 
  
973 8.54 x 1014 
1023 3.88 x 1013 
1073 1.85 x 1012 
1123 1.22 x 1011 
  
As shown in Figure 8.9, the entire concentration-time data did not fit the integrated 
form of the chemical reaction controlled rate model described by equation 7.75, but 
Figure 8.10 confirms the observation in Figure 8.8; the model fitted well the 
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concentration-time data for the region before the approach of oxygen saturation and 
tin monoxide formation. 
The rate constants for the forward reaction of equation 7.70 presented on Table 8.2 
were computed from the equilibrium constant and the experimentally derived 
backward reaction rate constant bk . The equilibrium constant was obtained from the 
Gibbs energy change for oxygen dissolution reported by Otsuka, Sano & Kozuka 
(1981).  
Table 8.2 shows that the rate constant for the forward reaction of oxygen dissolution 
in molten tin decreased with increasing temperature in the range 973 – 1123 K 
studied.  A close examination of the components of the forward rate constant for 
each of the mechanisms considered in this study would elucidate the reasons for the 
observed decrease in rate constant with increasing temperature and help in 
identifying the rate limiting step.  
If the rate limiting step for the first mechanism is the incorporation of oxygen atoms in 
molten tin according to equation 7.52ii; the forward rate constant is: 
 
2
f ii ik k K a  [8.1] 
iK  is the equilibrium constant for the first step (equation 7.52i) of dissociative 
adsorption of oxygen to the molten tin surface. iik  is much smaller than iK  ( i iiK k ) 
since the first step was considered rapid; hence, the value of fk  was determined 
largely by that of iK . For this exothermic process, the equilibrium constant decreases 
with increase in temperature: 
 
adH
RT
i ioK K e
 
 
   [8.2] 
where adH  is the heat of adsorption and ioK  the pre-exponential factor. Hence, fk  
also decreased with increasing temperature since its value was determined mainly by 
the equilibrium constant. 
Similarly, for the second mechanism, the forward rate constant fk  for the second 
elementary step (equation 7.62ii) which involves the dissociation of tin monoxide into 
molten tin and dissolved oxygen atoms is defined according to equation 8.1 and is 
majorly determined by the equilibrium constant for the formation of SnO as adsorbed 
intermediate in the first step (equation 7.62i). Hence the forward rate constant for the 
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second elementary step of the second mechanism is also expected to decrease with 
increasing temperature since the chemisorption reaction of the first step (equation 
7.62i) was exothermic and the equilibrium constant decreased with increasing 
temperature.  
Earlier studies have shown that the oxidation of molten tin may involve an initial 
stage of SnO formation, and depending on the oxygen pressure, concentration of 
dissolved oxygen in the molten tin and operating temperature, SnO may dissociate 
into molten tin and oxygen atom (which is incorporated in the molten tin) according to 
equation 2.26 or disproportionate into SnO2 and molten tin, reaction 2.27 
(Bircumshaw & Preston, 1936; Boggs, Kachik and Pellissier, 1961; Yuan, Yan and 
Simkovich, 1999; Carbo Nover and Richardson, 1972; Moreno et al., 2001; Giefers, 
Porsch & Wortmann, 2005):  
 ( ) ( ) [ ]SnSnO s Sn l O   [2.26] 
      22SnO s Sn l SnO s   [2.27] 
Also, as mentioned previously in Chapter 2, oxide formation depends on the oxygen 
pressure being greater than the dissociation pressure of the oxide in equilibrium with 
the metal; there is always a competition between the formation of surface oxide and 
its dissolution in the metal which depends on the oxidation temperature and oxygen 
pressure, oxygen solution being usually predominant at lower pressures and higher 
temperatures, and a decrease of the oxygen partial pressure at constant temperature 
favouring the dissolution of oxide (Lawless, 1974).  
Hence, it is reasonable to accept the second mechanism as the more feasible one 
considering the the low oxygen partial pressure and high temperature (973 – 1123 K) 
at which the experiments were carried out, and the prevailing reaction at oxygen 
saturation which was the formation of tin monoxide (discussed in Chapter 5).  
It appeared that prior to the point that the dissolved oxygen concentration began to 
approach saturation, the oxygen molecules were chemisorbed to the surface of 
molten tin with the formation of tin monoxide as an intermediate which subsequently 
dissociated to molten tin and dissolved oxygen atom (incorporated in the molten tin), 
when the dissolved oxygen concentration was lower than the saturation 
concentration (reaction 2.26). However, when the dissolved oxygen concentration 
reached the saturation value, the prevailing reaction became the formation of SnO 
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and the subsequently disproportionation to SnO2 and molten tin according to 
equation 2.27. It has been reported by Moreno et al. (1992) that the SnO 
disproportionation reaction 2.27 is faster than its oxidation reaction 2.28, even though 
the driving force for the oxidation reaction ( 1298 262.9KG kJ mol
      ) is greater than 
that of the disproportionation reaction ( 1298 5.9KG kJ mol
      ):  
 2 2( ) 0.5 ( ) ( )SnO s O g SnO s   [2.28] 
The equilibrium constant of the SnO dissociation reaction 2.26 was calculated as: 
  
/ , ,
,
83 930+146 
exp expSn
SnO Sn O T
diss T
G T
K
RT RT
   
         
 [8.3] 
The equilibrium constant of the SnO disproportionation reaction 2.27 was calculated 
as: 
 
2/ ,
,
59 630 118.4 
exp exp
   
         
SnO SnO T
disp T
G T
K
RT RT
  [8.4] 
Where R is the gas constant (J mol-1 K-1) and T the absolute temperature. 
The magnitude of the equilibrium constant for the dissociation reaction 2.26 e.g. at 
850 oC, ( ,850diss CK o ) is 5.28x10
3 which is small compared to the equilibrium constant 
for the disproportionation reaction 2.27 at 850 oC, (
,850disp C
K o ) of ca. 9.07x10
8. 
Nevertheless, since the oxygen sensor measured only the dissolved oxygen 
concentration in the molten tin relative to the constant oxygen partial pressure of the 
reference gas, the SnO intermediate must have dissociated according to equation 
2.26 into tin and dissolved oxygen atoms until the molten tin was saturated, after 
which any excess oxygen in the system would have remained in the form of SnO2, as 
predicted by the large equilibrium constant for reaction 2.27.  
It is agreed that the disproportionation reaction of SnO to SnO2 proceed via an 
intermediate (Gauzzi & Verdini, 1985; Moreno et al., 2001; Giefers, Porsch & 
Wortmann, 2005) and the rate has been found to follow a nucleaction and growth 
mechanism (Giefers, Porsch & Wortmann, 2005), so one would expect that the 
second stage of the oxygen dissolution (observed as the concentration of the 
dissolved oxygen in the molten tin approached saturation) involved several 
competing reactions and the chemical reaction controlled rate model described by 
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equation 7.74 would not fit the data in this region. It appeared that, as the oxygen 
concentration approached the solubility limit, the rate of oxygen dissolution in the 
molten tin decreased while SnO disproportionation reaction sets in (as oxygen 
saturation was approached and at saturation), so the chemical reaction rate 
controlled model described by equation 7.74 did not fit the entire concentration–time 
data but fitted the portion obtained before the approach of oxygen saturation in the 
molten tin as shown in Figure 8.7 to Figure 8.10.  
The result of the study of the effect of total gas flow rate on rate of oxygen dissolution 
in molten tin is presented in Figure 8.11 and Figure 8.12; two total gas flow rates of 
60 ml min-1 and 120 ml min-1 were considered and a mixture of helium and oxygen  
210%O He  used in both cases. As shown in Figure 8.11 and Figure 8.12, the open 
circuit potential difference decreased, while the concentration of dissolved oxygen 
increased as the oxygen dissolution process progressed. Figure 8.12 shows that the 
oxygen solubility limit was reached earlier when a total gas flow rate of 120 ml min-1 
was used compared to 60 ml min-1. This is expected since the frequency of bubble 
formation increased with increasing gas flow rate; the bubble frequency was ca.13 s-1 
at a flow rate of 60 ml min-1 and 18 s-1 at 120 ml min-1. 
Figure 8.13 and Figure 8.14 show that the chemical reaction controlled rate model fit 
the concentration-time data very well for the data set prior to oxygen saturation when 
the total gas flow rate was changed from 60 to 120 ml min.  
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Figure 8.11: Variation of open circuit potential 
difference with time during oxygen dissolution in 
molten tin at 850 oC for 60 ml min-1 and 120 ml 
min-1 total gas flow rates 
Figure 8.12: Variation of [O]Sn concentration with 
time during oxygen dissolution in molten tin at 
850 oC for 60 ml min-1 and 120 ml min-1 total gas 
flow rates 
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Figure 8.13: Variation of [O]Sn concentration with 
time showing (effect of total gas flow rate on 
rate of oxygen dissolution in molten tin at 1123 
K)  
Figure 8.14: Plot of the left hand term of equation 
7.75 versus time (effect of total gas flow rate on 
rate of oxygen dissolution in molten tin at 1123 K) 
The forward rate constant obtained for the experiment performed with a total gas flow 
rate of 120 ml min-1 was 1.34 x 1011 compared to 1.22 x 1011(m atom%-1 s-1) for 60 ml 
min-1; the small difference might be due to the fluid dynamics effect. 
8.1.3. Mixed Liquid Phase Diffusion and Chemical Reaction Controlled Rate 
In fitting the concentration-time data to this model, the liquid film mass transfer 
coefficient was computed by the Higbie model (Higbie, 1935) using the experimental 
bubble size at each operating condition, while the chemical reaction rate constant 
was obtained from the data fitting.  
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Figure 8.15: Variation of [O]Sn concentration with 
time (fitting of experimental data to a mixed 
liquid phase diffusion and chemical reaction 
controlled rate model -equation 7.76 
Figure 8.16: Variation of [O]Sn concentration with 
time (fitting of abridged experimental data to a 
mixed liquid phase diffusion and chemical reaction 
controlled rate model - equation 7.76) 
As shown in Figure 8.15 and Figure 8.16, the mixed controlled rate model did not fit 
the entire concentration-time data well, but model predictions appeared to be close to 
the experimental data for the region before the dissolved oxygen approached 
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saturation. However, as shown on Table 8.3, the value of the chemical reaction rate 
constant ( bk ) obtained at 973 K was several orders of magnitude larger than the 
values obtained at other temperatures considered; this did not appear to represent 
an expected temperature dependence compared to the chemical reaction rate 
constants presented on Table 8.2. 
Table 8.3: Computed mass transfer coefficient and experimentally derived chemical reaction rate 
constant for the mixed controlled rate model for oxygen dissolution in molten tin 
Temperature / K 
Liquid Film Mass 
Transfer Coefficient 
/ m s-1 
(Computed by Higbie 
Model) 
Chemical Reaction Rate 
Constant ( bk ) 
/ m atom%-1 s-1 
 973 4.86 x 10-4 6.39 x 106 
1023 5.06 x 10-4 1.86 x 10-2 
1073 5.3 x 10-4 2.83 x 10-3 
1123 5.53 x 10-4 9.2 x 10-4 
 
8.2. Chapter Conclusions 
The liquid phase diffusion, and the mixed liquid phase and chemical reaction 
controlled rate model did not fit well the experimental data obtained for the 
dissolution of oxygen in molten tin. However the chemical reaction controlled rate 
model fitted the experimental data excellently; the reaction mechanism involved a 
first step of oxygen chemisorption to molten tin at the bubble | molten tin interface, 
forming SnO as the absorbed intermediate. The second step of the mechanism 
involved the dissociation of SnO to molten tin and oxygen atom incorporated in the 
molten tin. The rate limiting step was the dissociation of SnO into molten tin and 
oxygen atom. 
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9. Kinetics of Deoxygenation of Molten Tin by Methane  
The reaction of dissolved oxygen with methane at the bubble | molten tin interface 
are discussed in this chapter; models and simulation results as well as experimental 
results are presented and discussed.  
9.1. Models for the Reaction of Dissolved Oxygen in Molten Tin with Methane   
The reactions of dissolved oxygen in molten tin with methane which are expected at 
the bubble | molten tin interface in the molten tin reformer as well as the Sn(l)-SOFC 
were modelled and simulated; results are discussed in this section. 
Two methane reactions with dissolved oxygen in molten tin were considered; the 
partial oxidation to syngas and the complete oxidation to carbon dioxide and water 
with the stoichiometric equations 9.1 and 9.2, respectively: 
 4 2( ) [ ] ( ) 2 ( )SnCH g O CO g H g   [9.1] 
 4 2 2( ) 4[ ] ( ) 2 ( )SnCH g O CO g H O g   [9.2] 
It was assumed that the solubility of methane in molten tin was negligible and the 
reaction of the fuel and oxygen took place at the bubble | molten tin interface 
Thus, the reaction of the methane with [O]Sn may involve: 
 The diffusion of the gaseous fuel molecules from the bulk gas phase in the 
bubble to the bubble | molten tin interface. 
 The diffusion of dissolved oxygen atoms from the bulk molten tin to the bubble | 
molten tin interface. 
 The reaction of the [O]Sn with methane at the bubble | molten tin interface.  
 The diffusion of the product gases away from the bubble | molten tin interface to 
the bulk of the bubble. 
These processes are illustrated schematically in Figure 9.1. It was assumed that the 
reaction of methane with [O]Sn was limited by the diffusion of dissolved oxygen atoms 
from the bulk molten tin to the bubble | molten tin interface. A liquid phase diffusion 
controlled rate model was thus developed with the following additional assumptions: 
 The temperature of the bubble was the same as that of the molten tin  
 The bubble terminal (rise) velocity was constant 
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 Equivalent spherical bubble diameter was used to approximate the surface area 
of the oblate spheroidal bubble (Ali & Ray, 1974; Nanda & Geiger, 1971).  
 The bubble initially consisted entirely of methane 
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Figure 9.1: Schematic of the steps involved in the reaction 
of an methane with [O]Sn 
Similar to the oxygen dissolution model, two forms of this model were considered; the 
first predicts the rate of consumption of gaseous fuel in a bubble rising in molten tin 
pre-saturated with dissolved oxygen while the other predicts the overall rate of 
depletion of the dissolved oxygen in the molten tin (due to the fuel-oxygen reaction) 
from an initial saturation concentration to zero concentration.   
9.1.1. Rate of Consumption of Methane from a Bubble Rising in Molten Tin Pre-
saturated with Dissolved Oxygen 
Figure 9.2 shows a methane bubble rising from its initial position ( 0x  ) at 
detachment at time ( 0t  ), through a column of molten tin of depth ( h ) pre-saturated 
with dissolved oxygen ([ ]SnO ). As the bubble ascended through the molten tin with a 
rise velocity ( B ), the dissolved oxygen atoms are transported to the bubble | molten 
tin interface where they react with methane to form gaseous products which consists 
of carbon monoxide, carbon dioxide, hydrogen, water, and any un-reacted methane 
with a composition defined by equilibrium conditions. The products then exit the 
molten tin after the bubble has ascended through its depth ( h ) with a residence time 
( residencet ). 
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Figure 9.2: Schematic of a methane bubble rising through a 
column of molten tin pre-saturated with dissolved oxygen 
When the reaction is limited by the diffusion of oxygen atoms from the bulk molten tin 
to the bubble | molten tin interface, the rate of the reaction is defined by the rate (mol 
s-1) of transport of oxygen atoms from the bulk molten tin to the bubble | molten tin 
interface expressed as: 
  [ ] [ ] [ ]bO B L O Ob i
dn
A k C C
dt
   [9.3] 
The initial condition is:  [ ] 0bOn   at 0t   [9.4] 
Where [ ]bOn is the amount (moles) of oxygen atoms transferred to the bubble-molten 
tin interface, [ ]O bC  and [ ]O iC  are the concentrations (mol m
-3) of the dissolved oxygen 
in the bulk molten tin and the bubble | molten tin interface respectively. It was 
assumed that the reaction of the methane with oxygen at the bubble | molten tin 
interface is rapid, hence: 
 [ ] 0O iC   [9.5] 
Equation 9.3 reduces to: 
  [ ] [ ]
bO
B L O b
dn
A k C
dt
  [9.6] 
It was assumed that the molten tin was initially saturated with dissolved oxygen 
atoms, so [ ]O bC  was defined as: 
 ,[ ] [ ][ ]
s T bO O
O b
Sn
n n
C
V

  [9.7] 
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Where SnV , the volume of tin in the reactor was related to the mass (kg) of tin in the 
reactor Snm :  
 SnSn
Sn
m
V

  [9.8] 
,[ ]s TO
n was the amount (moles) of dissolved oxygen atoms in the molten tin at 
saturation which was expressed as: 
 
,
,
[ ]
,
[ ]
100 [ ]s T
s T
O Sn
s T
O
n n
O
 
    
 [9.9] 
 
Sn
Sn
Sn
m
n
M
  [9.10] 
The saturation concentration ,[ ]s TO  (atom %) described by equation 9.11, given by 
Belford and Alcock (1965), was used:  
  10 ,
5730( )
og [ ] / % 4.19s T
K
l O atom
T

   [9.11] 
The bubble surface area BA  was related to the equivalent bubble diameter eBd : 
 2
eB B
A d  [9.12] 
The liquid film mass transfer coefficient Lk  expressed by equation 9.13 (Higbie, 
1935) was used: 
 
1
2
2
e
L B
L
B
D v
k
d
 
  
 
 
 [9.13] 
The diffusivity was expressed by equation 9.14 (Otsuka & Kozuka, 1974) as: 
 
1
2 1 8 19,259( )( ) 6.4 10 expL
Jmol
D m s x
RT

     
   
 [9.14] 
The bubble rise velocity was defined by the Mendelson wave equation 9.15 
(Mendelson, 1967) while the bubble diameter was related to the bubble volume by 
equation 9.16:  
 
1
2
2
2
e
e
B
B
L B
gd
v
d


 
  
 
 
 [9.15] 
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1
36
e
B
B
V
d

 
  
 
 [9.16] 
Where BV  is the bubble volume. It was assumed that the bubble consisted of carbon 
monoxide, carbon dioxide, steam, hydrogen, and unreacted methane; from the ideal 
gas law: 
 
 
4 2 2 2CH H H O CO CO
B
B
RT n n n n n
V
P
   
  [9.17] 
Where 
4CH
n , 
2H
n , 
2H O
n , 
2CO
n , and COn  are moles of methane, hydrogen, steam, carbon 
dioxide, and carbon monoxide respectively while BP  is the bubble pressure defined 
by equation 9.18 as: 
 
4
( )
e
Sn
B N Sn
B
P P g h x
d

     [9.18] 
Hence, equation 9.17 becomes: 
 
 
4 2 2 2
4
( )
e
CH H H O CO CO
B
Sn
N Sn
B
RT n n n n n
V
P g h x
d


   

  
 [9.19] 
Equations 9.16 and 9.19 were solved to account for the changes in the bubble 
diameter due to the reaction of methane with [O]Sn. The depth h  of molten tin in the 
reactor was related to the inner radius of a cylindrical reactor by equation 9.20: 
 
2
Sn
reactor
V
h
r
  [9.20] 
The bubble position x  was obtained by integrating the velocity equation: 
 
1
2
2
2
e
e
BSn
Sn B
gddx
dt d


 
  
 
 
 [9.21] 
With the initial condition:  0x   at 0t   [9.22] 
Based on the equilibrium composition for the reaction of methane with dissolved 
oxygen equations 9.1 and 9.2 become 9.23 and 9.24 respectively: 
2 2 , 2, 4, ,,
4
, 2 2 2 4
( ) [ ]
( ) ( ) ( ) ( ) ( ) ( )
T T T TT
Sn
p p p p p p
CO T H H O CO CH C
CH g O
v CO g v H g v H O g v CO g v CH g v C s

    
 [9.23] 
2 2 , 2, 4, ,,
4
, 2 2 2 4
( ) 4[ ]
( ) ( ) ( ) ( ) ( ) ( )
T T T TT
Sn
p p p p p p
CO T H H O CO CH C
CH g O
v CO g v H g v H O g v CO g v CH g v C s

    
 [9.24] 
where v  is the stoichiometric coefficient while r  and p  denote reactant and product 
respectively.  
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The amount of methane which reacts with the atoms of oxygen transferred to the 
bubble | molten tin interface is then expressed as: 
 
 4 4,
4 ,
[ ]
[ ]
T
br T
Sn
r p
CH CH
CH O r
O
v v
n n
v
 
 
 
 
 [9.25] 
The amount of methane present in the bubble at any time is: 
 
4, 4, 4 ,T o r T
CH CH CHn n n   [9.26] 
Where 
4,oCH
n  is the initial amount (moles) of methane in the bubble expressed as: 
 
4,
o o
o
B B
CH
P V
n
RT
  [9.27] 
The amount of carbon monoxide is:  
 ,
, [ ]
[ ]
T
T o b
Sn
p
CO
CO CO O r
O
v
n n n
v
 
   
 
 
 [9.28] 
The amount of hydrogen is: 
 2,
2, 2, [ ]
[ ]
T
T o b
Sn
p
H
H H O r
O
v
n n n
v
 
   
 
 
 [9.29] 
The amount of water is:  
 2 ,
2 , 2 [ ]
[ ]
T
T o b
Sn
p
H O
H O H O O r
O
v
n n n
v
 
   
 
 
 [9.30] 
The amount of carbon dioxide is:  
 2,
2, 2, [ ]
[ ]
T
T o b
Sn
p
CO
CO CO O r
O
v
n n n
v
 
   
 
 
 [9.31] 
The amount of methane consumed (%) by the reaction is expressed as: 
 4 ,
4 ,
4,
% 100 r T
r T
o
CH
CH
CH
n
n
n
 
  
 
 
 [9.32] 
 
The models developed for the reaction of methane with dissolved oxygen at the 
molten tin | bubble interface was solved numerically by the Runge Kutta fourth order 
method using parameters defined on Table 9.1, Table 9.2, and Table 9.3, and the 
Berkeley Madonna equation solver. The stoichiometric coefficients presented on 
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Table 9.2 and Table 9.3 were derived from equilibrium compositions for the reaction 
of methane with dissolved oxygen computed by HSC Chemistry 5.1 which employs 
the Gibbs energy minimization method for the computation of multicomponent 
equilibrium composition, this method is presented in the appendix. The data used 
which are presented in the appendix were obtained from Otsuka, Sano & Kozuka, 
1981, McBride, Gordon & Reno (1993), and Chase et al, 1985. The temperature 
dependence of the equilibrium composition for the reaction of methane with dissolved 
oxygen is presented in Figure 9.3 and Figure 9.4. 
The conversion (percentage) of methane molecules was plotted against time, with 
the maximum possible time being the bubble residence time at the operating 
condition. The bubble diameter was plotted against time to show the changes in the 
bubble size as the bubble rose through the molten tin and reacted with dissolved 
oxygen at the bubble | molten tin interface. The concentration of dissolved oxygen 
atoms in the molten tin was also plotted against time to show the changes which 
occurred due to the fuel-oxygen reaction. 
 
 
Table 9.1: Parameters for the models for reactions of dissolved oxygen with methane and hydrogen 
Parameter Value Unit 
oB
d  0.005 m 
2,oCO
n  0  
2 oH O
n  0  
2,oH
n  0  
oCO
n  0  
2 o
hr
H On  
0  
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Table 9.2: Stoichiometric coefficients for equation 4.54 for the partial oxidation of methane to syngas 
obtained from the equilibrium composition computed in chapter 3 
Temperature 
 / K 
,
p
CO Tv  2,T
p
Hv  2 ,T
p
H Ov  2,T
p
COv  4,T
p
CHv  
      
973 0.56 1.52 0.2 0.12 0.14 
1023 0.72 1.68 0.12 0.08 0.1 
1073 0.82 1.76 0.08 0.05 0.08 
1123 0.92 1.83 0.05 0.015 0.06 
1173 0.94 1.89 0.03 0.015 0.04 
 
 
 
Table 9.3: Stoichiometric coefficients for equation 4.55 for the complete oxidation of methane to 
carbon dioxide and water obtained from the equilibrium composition computed in chapter 3 
Temperature 
 / K 
,
p
CO Tv  2,T
p
Hv  2 ,T
p
H Ov  2,T
p
COv  4,T
p
CHv  
      
973 0.22 0.56 1.44 0.78 0 
1023 0.2 0.48 1.52 0.8 0 
1073 0.18 0.4 1.6 0.82 0 
1123 0.18 0.35 1.65 0.82 0 
1173 0.18 0.32 1.68 0.82 0 
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Figure 9.3: Effect of temperature on equilibrium 
composition for the reaction of methane with 
dissolved oxygen in molten tin at 1 bar and 
4[ ] :SnO CH  of 1:1  
Figure 9.4: Effect of temperature on equilibrium 
composition for the reaction of methane with 
dissolved oxygen in molten tin at 1 bar and 
4[ ] :SnO CH  of 4:1 
  
9.1.2. Results and Discussion 
Figure 9.5 shows the predicted effect of temperature on the conversion (based on the 
equilibrium composition for 2H  and CO  formation) of a single 5 mm methane bubble 
rising through molten tin pre-saturated with dissolved oxygen. In this case, the ratio 
of the amount (moles) of oxygen atoms transferred to the bubble | molten tin interface 
to the amount of methane reactant 4[ ] :SnO CH  of 1:1 was used. The rate of the partial 
oxidation of methane to syngas controlled by liquid phase diffusion of oxygen atoms 
in the molten tin was predicted to increase with increase in the reaction temperature.  
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Figure 9.5: Predicted time dependence of CH4 
conversion for a single 5 mm bubble rising 
through molten tin pre-saturated with dissolved 
oxygen (based on the equilibrium composition for 
2H  and CO  formation)  
Figure 9.6: Predicted time dependence of [O]Sn 
concentration at 800 oC, showing the effect of CH4 and 
[O]Sn reaction on Sn[O]  concentration (based on the 
equilibrium composition for 2H  and CO  formation) 
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Figure 9.7: Predicted time dependence of bubble 
diameter, showing the increase in bubble size due 
to 4CH  and [ ]SnO  reaction (based on the 
equilibrium composition for 2H  and CO  
formation) 
Figure 9.8: Predicted time dependence of bubble 
composition at 800 oC, showing changes due to 4CH  
and [ ]SnO  reaction (based on the equilibrium 
composition for 2H  and CO  formation) 
As shown in Figure 9.6 for the reaction at 800 oC, the concentration of the dissolved 
oxygen was expected to decrease as oxygen atoms were transferred to and 
consumed by reaction with methane at the bubble | molten tin interface. As shown in 
Figure 9.7, the bubble diameter was predicted to increase as reaction 9.23 
progressed. This was expected because of the increase in the moles of the gaseous 
products relative to the initial moles of reactants, as shown on Table 9.2. The 
predicted effect of the reaction on the bubble composition is shown in Figure 9.8; the 
amount of methane in the bubble decreased until it was completely consumed while 
the amount of the product increased with a composition based on the expected ratio 
at equilibrium.  
Figure 9.9 shows the predicted effect of the initial bubble size on the rate of 
conversion of methane at 800 oC; the smaller the initial bubble size the faster the rate 
of reaction 9.23 for a fixed amount of methane. Figure 9.10 shows the temperature 
effect on the rate of methane conversion when the major products are carbon dioxide 
and steam. In this case, the ratio of the amount (moles) of oxygen atoms transferred 
to the bubble | molten tin interface to the amount of methane reactant 4[ ] :SnO CH  of 
1:4 was used. Similar to the syngas reaction, the rate was predicted to increase with 
increase in reaction temperature. 
In Figure 9.11, the bubble diameter is shown to increase due to the increase in the 
amount (moles) of the gas in the bubble as reaction 9.24 progressed. The expected 
change in the bubble composition at equilibrium is shown in Figure 9.12; the 
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methane in the bubble was consumed by the reaction, while the amount of the 
carbon dioxide, steam, hydrogen and carbon monoxide increased as reaction 9.24 
progressed.  
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Figure 9.9: Predicted time dependence of CH4 
conversion in a single bubble rising through molten 
tin pre-saturated with dissolved oxygen at 800 oC, 
for different initial bubble sizes in the range 2 – 10 
mm (based on the equilibrium composition for 2H  
and CO  formation) 
Figure 9.10: Predicted time dependence of CH4 
conversion for a single 5 mm bubble rising 
through molten tin pre-saturated with dissolved 
oxygen (based on the equilibrium composition 
for 2H O  and 2CO  formation) 
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Figure 9.11: Predicted time dependence of bubble 
diameter, showing the increase in bubble size due 
to 4CH  and [ ]SnO  reaction (based on the 
equilibrium composition for 2H O  and 2CO  
formation 
Figure 9.12: Predicted time dependence of 
bubble composition at 800 oC, showing changes 
due to 4CH  and [ ]SnO  reaction (based on the 
equilibrium composition for 2H O  and 2CO  
formation  
9.1.3. Rate of Depletion of Dissolved Oxygen in Molten Tin by Oxygen-Fuel 
Reaction 
In the previous section, the model for the changes in the bubble composition due to 
the reaction of methane with dissolved oxygen in molten tin was developed based on 
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the assumption of a liquid phase diffusion controlled rate. In this section, the model 
equation 9.3 is rewritten in terms of the concentration (in atom %) of the dissolved 
oxygen in order to predict the rate of oxygen depletion due to reaction with methane.  
Thus, the rate of depletion of dissolved oxygen (in atom %) in the bulk molten tin may 
be expressed as: 
  
[ ]
[ ] [ ]b B L b i
Sn
d O A k
O O
dt V
    [9.33] 
The initial condition is:  ,[ ] [ ]b o TO O  at  0t   [9.34] 
When the condition of rapid reaction with the methane fuel is considered, equation 
9.33 also reduces to:  
 
[ ]
[ ]b B L b
Sn
d O A k
O
dt V
   [9.35] 
The integrated form of this equation is: 
 ,
,
[ ] .
ln
[ ]
b t B L
o T Sn
O A k
t
O V
   
    
    
 [9.36] 
Where ,[ ]o TO  is the initial oxygen concentration and ,[ ]b tO  the concentration at time t  
in the bulk molten tin (in atom %). The plot of ,
,
[ ]
ln
[ ]
b t
o T
O
O
 
  
  
 versus time  should be a 
straight line for a reaction controlled by diffusion of oxygen atoms in the molten tin. 
Equation 9.35 was solved to obtain the overall changes in the dissolved oxygen 
concentration (in atom %) during the reaction of the fuel with the dissolved oxygen. 
The mass transfer area BA  is the bubble area defined by the initial bubble diameter. 
Figure 9.13 shows the expected variation of [O]Sn concentration with time due to the 
reaction of methane with dissolved oxygen, the mass transfer area used was the 
area of a single bubble with an initial diameter of 5 mm. It shows the predicted 
changes in the concentration of dissolved oxygen (in atom %) due to the transfer of 
oxygen atom from the bulk molten tin to the bubble | molten tin interface where it 
reacted with methane. As shown in Figure 9.13, the dissolved oxygen concentration 
is expected to decrease from the initial saturation value at all temperatures 
considered due to methane reaction at the bubble | molten tin interface.  
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Figure 9.13: Predicted time dependence of [O]Sn 
concentration (changes due to the reaction of 
[O]Sn with a gaseous fuel) 
Figure 9.14: Plot of ,
,
[ ]
[ ]
b t
o T
O
In
O
 
   
   
versus time 
for different temperatures in the range 973 – 
1173 K (integrated form of equation 9.35) 
If the rate of reaction of methane (equations 9.23 and 9.24) with dissolved oxygen in 
molten tin is controlled by diffusion of oxygen atoms from the bulk molten tin to the 
bubble | molten tin interface, then the observed changes in the dissolved oxygen 
concentration due to these two reactions are expected to be similar and are shown in 
Figure 9.13. Figure 9.14 shows that when equation 9.35 is integrated, a straight line 
is expected for a plot of 
,
[ ]
[ ]
b
o T
O
In
O
 
   
 
 versus time  and the rate should increase with 
increasing reaction temperature. 
9.2. Experimental Validation of Model for the Reaction of Methane with 
Dissolved Oxygen in Molten  
In this section, experimental results for the reaction of methane with dissolved 
oxygen in molten tin are presented and discussed while the kinetics of the reaction is 
described. Methane is expected to react with dissolved oxygen at the bubble | molten 
tin interface in the molten tin reformer and methane-fuelled Sn(l)-SOFC, so the 
reaction of methane with [O]Sn at the bubble | molten tin interface was investigated to 
identify the reaction products and define the kinetics of the reaction. 
9.2.1. Modification of the Liquid Phase Diffusion Controlled Rate Model 
The liquid phase diffusion controlled rate model equation 9.33 was solved with the 
initial condition (equation 9.34) to describe the rate of change of dissolved oxygen in 
molten tin wherein the mass transfer area was defined by the area of a single bubble 
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( BA ): 
  
[ ]
[ ] [ ]b B L b i
Sn
d O A k
O O
dt V
    [9.33] 
The initial condition was:  ,[ ] [ ]b o TO O  at  0t   [9.34] 
Similar to the model modification implemented for the analysis of the experimental 
data obtained during oxygen dissolution in molten tin; equation 9.33 may be re-
written to incorporate the total instantaneous bubble area ( . .
TB B B r
A A f  ): 
  
[ ] . .
. . [ ] [ ]b B B rL b i
Sn
d O A f
k O O
dt V

    [9.37] 
The concentration of dissolved oxygen at the bubble | molten tin interface [ ]iO  was 
taken as zero since the reaction of the fuel with oxygen at the bubble | molten tin 
interface was considered rapid, so equation 9.37 becomes: 
 [ ] . .. .[ ]b B B rL b
Sn
d O A f
k O
dt V

   [9.38] 
The initial conditions are: ,[ ] [ ]b o TO O  at  0t   [9.39] 
The integrated form of this equation is: 
 ,
,
[ ] . . .
ln
[ ]
b t B r B L
o T Sn
O f A k
t
O V
   
    
    
 [9.40] 
Where ,[ ]o TO  is the initial oxygen concentration and ,[ ]b tO  the concentration at time t  
in the bulk molten tin (in atom %). The plot of ,
,
[ ]
ln
[ ]
b t
o T
O
O
 
  
  
 versus time  should be a 
straight line for a reaction controlled by diffusion of oxygen atoms in the molten tin.  
[ ]
[ ]b B L b
Sn
d O A k
O
dt V
 
Model for a 
single bubble 
Model incorporating 
several bubbles 
[ ] . .
. .[ ]b B B rL b
Sn
d O A f
k O
dt V

 
 
 Figure 9.15: Schematic of model transformation from one for a single bubble area to one which 
incorporate several bubbles 
The model transformation from one for a single bubble to that which incorporates 
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several bubbles is described schematically in Figure 9.15; this model describes the 
rate of oxygen desorption from or de-oxygenation of the molten tin when a gaseous 
fuel e.g. methane is bubbled through it. 
9.2.2. Experimental Procedure 
The molten tin was first saturated with dissolved oxygen as described previously, 
using the equipment shown schematically in Figure 3.13. After the oxygen dissolution 
experiment, the oxygen gas was closed while the alumina feed tube (2) was used to 
pass helium over the surface of the molten tin for ca. 20 minutes in order to purge 
any oxygen gas which might be present. Methane and helium blend ( 410%CH He ) 
was then bubbled through the molten tin (which had been pre-saturated with 
dissolved oxygen) at a total flow rate of 60 ml min-1. The reactor exhaust gases were 
analysed by the mass spectrometer to identify the chemical species exiting the 
reactor. 
9.2.3. Results and Discussions 
Figure 9.16 shows the variation of open circuit potential difference with time when 
10%CH4-He was bubbled through molten tin pre-saturated with dissolved oxygen at 
850 oC while Figure 9.17 shows the corresponding variation of the dissolved oxygen 
concentration with time; the concentration of dissolved oxygen decreased when 
10%CH4-He was bubbled through the molten tin due to reaction with methane at the 
bubble | molten tin interface.  
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Figure 9.16: Variation of open circuit potential 
difference with time (data obtained when 10%CH4-
He was bubbled through molten tin pre-saturated 
with dissolved at 850 oC 
Figure 9.17: Variation of [O]Sn concentration with 
time (data obtained when 10%CH4-He was bubbled 
through molten tin pre-saturated with dissolved 
oxygen at 850 oC) 
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Figure 9.18: Variation of open circuit potential 
difference with time during the reaction of 
methane with [O]Sn at 973, 1073, and 1123 K 
Figure 9.19: Variation of [O]Sn concentration 
with time during methane reaction with [O]Sn at 
973, 1073, and 1123 K 
A closer look at the open cicuit potential difference and [O]Sn concentration show 
changes of ca. 0.8 mV and 0.0015 atom% respectively, during a period of 1 hour; 
these changes were extremely small compared with the changes observed during 
oxygen dissolution in molten tin (Figure 5.12 and Figure 5.13). Figure 9.17 and 
Figure 9.18 show the time dependence of the open cicuit potential difference and 
[O]Sn concentration respectively for the temperatures 973, 1073, and 1123 K; similar 
trend were obtained when 10%CH4-He was bubbled through molten pre-saturated 
with dissolved oxygen. 
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Figure 9.20: Plot of ,
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  
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 versus time  for 
the concentration time data obtained at 973 K 
Figure 9.21: Plot of ,
,
[ ]
ln
[ ]
b t
o T
O
O
 
  
  
 versus time  
for the concentration time data obtained at 973 K 
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Figure 9.23: Effect of temperature on methane 
conversion. 
Table 9.4: Liquid film mass transfer coefficient and chemical reaction rate constant for the reaction of 
methane with dissolved oxygen.   
Temperature / K 
Liquid Film Mass 
Transfer Coefficient / 
m s-1(Predicted by 
Higbie Model) 
 
Liquid Film Mass 
Transfer Coefficient / 
m s-1(Experimentally 
derived ) 
 
 973              4.86 x 10
-4       3.48 x 10-6 
1073              5.3 x 10-4              3.0 x 10-6 
1123              5.53 x 10-4       1.25 x 10-6 
Figure 9.20, Figure 9.21, and Figure 9.22 show the plot of ,
,
[ ]
ln
[ ]
b t
o T
O
O
 
  
  
 versus time  
obtained from the [O]sn concentration-time data for methane reaction with dissolved 
oxygen at 973, 1073, and 1123 K; the experimental data did not fit the liquid phase 
diffusion controlled rate model. The liquid film mass transfer coefficient obtained 
when experimental data were fitted to the rate model were about two order of 
magnitudes lower than the expected values, this observation confirm that the liquid 
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phase diffusion controlled rate model did not fit the experimental data. Hence, it 
appears that the reaction of methane with dissolved oxygen at the bubble | molten tin 
interface was not limited by diffusion of oxygen atoms in the molten tin but might 
have been limited by chemical reactions of methane. 
Figure 9.23 shows the temperature effect on conversion of methane when it was 
bubbled through molten tin pre-saturated with dissolved oxygen; methane conversion 
increased with increasing temperature in the range 973 – 1123 K investigated which 
confirms that high temperatures favour methane conversion at molten tin interface. 
Methane conversion in the presence of oxidants may be possibly enhanced by using 
pure methane (without dilution), smaller bubbles, longer contact time (e.g. by 
increasing the depth of molten tin in the reactor) and higher temperatures. 
It is important to note that after the molten tin had been saturated with dissolved 
oxygen; there was the possibility of the presence of SnO which being unstable would 
disproportionate to SnO2. It was also possible for SnO to dissociate into tin and 
oxygen atom due to a decrease in oxygen activity in the molten tin as a result of the 
bubbling of 10%CH4-He through it. Also, methane might have reacted with SnO or 
SnO2 present in the molten tin, in addition to its reaction with dissolved oxygen. Such 
competing reactions might have affected the observed rate of deoxygenation of 
molten tin by 10%CH4-He bubbles.  
Figure 9.24 to Figure 9.28 show the variation of ion currents (of reaction species) 
with time during the bubbling of 10%CH4-He through the molten tin; products 
identified included hydrogen, steam, carbon dioxide, and possibly ethylene and 
ethane (m/z ratios 26, 27 and 30; http://webbook.nist.gov/chemistry/) which 
suggested that thermal or oxidative coupling of methane might have occurred in 
addition to its oxidation (Hutchings, Scurrell & Woodhouse, 1989; Lunsford, 1995). 
Unfortunately, the mass spectrometer was not calibrated to accurately obtain 
compositions of the reaction species even though it was scanned in the m/z range of 
1 – 100 to identify them.  
Besides, ethane and ethylene (coupling products of methane), if present might have 
been partly oxidized to carbon dioxide and steam by dissolved oxygen atoms or 
oxides of tin, SnO and SnO2, which were presumably present in the molten tin when 
it was saturated with dissolved oxygen atoms (Lunsford, 1995; Keller & Bhasin, 
1982).  
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Figure 9.24: Variation of ion current with time (obtained at 850 oC when 
10%CH4-He was bubbled through molten tin presaturated with 
dissolved oxygen)   
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Figure 9.25: Variation of ion current of water 
with time (obtained at 850 oC when 
10%CH4-He was bubbled through molten tin 
presaturated with dissolved oxygen)   
Figure 9.26: Variation of ion current of 
hydrogen with time (obtained at 850 oC when 
10%CH4-He was bubbled through molten tin 
presaturated with dissolved oxygen)   
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Figure 9.27: Variation of ion current of 
carbon dioxide with time during the reaction 
of methane with oxygen pre-dissolved in 
molten tin at 850 C. 
Figure 9.28: Variation of ion current of the m/z 
of 26, 27, and 30 with time during the reaction 
of methane with oxygen pre-dissolved in 
molten tin at 850 C.  
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Methane pyrolysis to elemental carbon and hydrogen has been reported (Serban et 
al., 2003), both carbon and hydrogen may also react with dissolved oxygen present 
in the molten tin. 
Hence, there appeared to be several competing routes for oxygen reaction with 
methane after the molten tin had been saturated with dissolved oxygen which could 
influence the kinetics of the molten tin deoxygenation by methane; there is the need 
for futher studies to understand these.  
Carbon monoxide was not detected in the temperature range 973-1123 K 
investigated but may probably be obtained at temperatures higher than those 
considered in this study and also possibly by controlling the dissolved oxygen 
concentration so that the oxygen at the bubble | molten tin interface is not in excess 
of that required for the partial oxidation of methane to CO and H2. 
9.3. Hydrogen Reaction with Dissolved Oxygen at Bubble | Molten Tin 
Interface 
As mentioned previously, there was the possibility of simultaneous occurrence of 
multiple reactions of methane with [O]Sn and oxides of tin, when methane was 
bubbled through molten tin pre-saturated with dissolved oxygen. Also, competing 
reactions, including methane pyrolysis and coupling might have influenced the 
observed rate of deoxygenation of molten tin by methane. 
Hence, the kinetics of de-oxygenation of molten tin by hydrogen was investigated by 
performing experiments at oxygen activities in molten tin lower than that 
corresponding to the potential for SnO2 formation from molten tin oxidation by oxygen 
molecules. In this condition, it was expected that there was no tin oxide in the reactor 
and the reaction of the fuel was simply with only dissolved oxygen atoms. Hydrogen 
was also used instead of methane as the fuel for molten tin deoxygenation, so 
multiple reactions of methane were avoided and the reaction with dissolved oxygen 
at bubble | molten tin interface was: 
 2 2[ ] ( ) ( )SnO H g H O g   [9.41] 
9.3.1. Experimental Procedure 
The experimental arrangement depicted schematically in Figure 3.13 was employed; 
the reactor was first purged with helium after which the temperature of the molten tin 
223 
 
was raised to the operating temperature while helium was bubbled through it at a 
total flow rate of 60 ml min-1 until the molten tin reached the operating temperature. 
The reactor feed was then changed to 10%H2-He which was bubbled through the 
molten tin at a total flow rate of 60 ml min-1 to reduce it, while recording the changes 
in the open circuit potential difference signal of the oxygen sensor.  
9.3.2. Results and Discussion 
As shown in Figure 9.29 for the experiment performed at 973 K, the variation of the 
open circuit potential difference with time, for potential differences higher than those 
corresponding to the formation of SnO2 were plotted to represent the period of the 
experiment during which the activity of oxygen in the molten tin was lower than that 
required for the formation of solid SnO2. This was to investigate the rate of hydrogen 
reaction with dissolved oxygen in the absence of tin oxides in the reactor. 
Plots of open circuit potential difference versus time were made from results obtained 
for similar experiments performed at 1073 and 1123 K and are shown on Figure 9.30. 
Figure 9.31 shows the corresponding time dependence of the [O]Sn concentration 
during the reaction of hydrogen with the dissolved oxygen. The open circuit potential 
difference increased while the [O]Sn concentration decreased as the reaction 
progressed. 
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Figure 9.29: Time dependence of open circuit potential differences for 
hydrogen reaction with [O]Sn at 973 K  
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Figure 9.30: Time dependence of open circuit 
potential differences during reaction of hydrogen 
with [O]Sn. 
Figure 9.31: Time dependence of [O]Sn 
concentrations during reaction of hydrogen with 
[O]Sn. 
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Figure 9.32: Effect of temperature on rate of hydrogen reaction with [O]Sn; liquid 
phase diffusion or 1st order chemical reaction controlled rate. 
As shown in Figure 9.32, the [O]Sn concentration-time data was fitted to the liquid 
phase diffusion controlled rate models. A linear plot was obtained, but as shown on 
Table 9.5, a comparison of the derived liquid film mass transfer coefficient with the 
expected values revealed that those mass transfer coefficients were about an order 
of magnitude lower than the expected liquid film mass transfer coefficients and they 
decreased with increasing temperature, instead of the expected increase with 
increasing temperature. Hence, the rate of hydrogen oxidation by dissolved oxygen 
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in molten tin, appeared not to be controlled by the diffusion of oxygen atoms from the 
bulk molten tin to the bubble | molten tin interface. This observation suggests that the 
rate of reaction of dissolved oxygen atom with hydrogen might be limited by surface 
chemical reaction at the bubble | molten tin interface. This result, also implies that the 
reaction of dissolved oxygen atoms with methane might similarly be controlled by 
interfacial chemical reaction at the bubble | molten tin interface. 
 Table 9.5: Comparison of predicted and experimentally derived liquid film mass transfer coefficients 
for hydrogen reaction with dissolved oxygen at bubble | molten tin interface 
Temperature / K 
Liquid Film Mass 
Transfer Coefficient 
/ m s-1 
(Predicted by Higbie 
Model) 
Liquid Film Mass 
Transfer Coefficient 
/ m s-1 
(Experimetally-
derived) 
           973 4.86 x 10-4 4.35 x 10-5 
1073            5.3 x 10-4             3 x 10-5 
1123 5.53 x 10-4 1.66 x 10-5 
 
9.4. Chapter Conclusion  
The rate of deoxygenation of molten tin by 10%CH4-He or 10%H2-He bubbles 
appeared not to be limited by the diffusion of oxygen atoms in the molten tin.  
There appeared to be several competing reactions of methane at the bubble | molten 
tin interface which might have influenced the apparent rate of dissolved oxygen 
reaction with the methane. Hence, the rate of molten tin deoxygenation by methane 
might be limited by surface reaction at the bubble | molten tin interface, consequently, 
there is the need for further studies to accurately define this rate. 
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10. Performance of a Methane-fuelled SOFC with Molten Tin Anode 
This chapter reports and discusses the performance of a methane-fuelled Sn(l)-
SOFCs described by open circuit potential difference measurements, potential 
difference-current density (U-j) polarization and power density curves, impedance 
spectra, and time dependence of the power density. 
10.1. Experimental Procedure 
The measurement of the open circuit potential difference was performed using the 
arrangement of equipment shown in Figure 3.14. Helium was first used to flush out 
air from the reactor using alumina tube 2 after it had been sealed, then it was heated 
to the desired operating temperature, while helium was bubbled through the molten 
tin with alumina tube 1 at a flow rate of 60 ml min-1. When the molten tin reached the 
operating temperature, the gas bubbled through the molten tin was changed to 
410%CH He  while the total flow rate remained the same. Air was also fed to the 
cathode at a flow rate of 30 ml min-1 while the measured open circuit potential 
difference was recorded and monitored until it became stable. Following this 
procedure, individual experiments were performed at each of the temperatures 
considered to obtain the corresponding open circuit potential differences. The 
techniques of cyclic voltammetry, electrochemical impedance spectroscopy and 
chronoamperometry were then applied (as described in Chapter 3) to the 10%CH4-
He-fuelled Sn(l)-SOFC operated at 850 oC, to further characterize it. For comparison 
with the 10%CH4-He-fuelled Sn(l)-SOFC, the experiments were repeated using 
210%H He  instead of 410%CH He .  
10.2. Results and Discussion 
Results are presented and discussed in this section for the performance of the 
10%CH4-He-fuelled Sn(l)-SOFC; open circuit potential difference which represent the 
maximum potential difference obtainable from the cell under the experimental 
conditions employed, potential difference-current density polarization and power 
density curves, impedance spectra as well as chronoamperograms are presented 
and discussed. 
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10.2.1. Open Circuit Potential Difference of 10%CH4-He-fuelled Sn(l)-SOFC  
In this section, experimental data on the effect of temperature on the open circuit 
potential difference of a 10%CH4-He-fuelled Sn(l)-SOFC described schematically in 
the experimental arrangement of Figure 3.14 are presented and discussed. The open 
circuit potential differences obtained when the Sn(l)-SOFC was fuelled with  
210%H He  are compared with the measured open circuit potential differences for 
the 10%CH4-He-fuelled Sn(l)-SOFC. The potential reactions at the molten tin anode 
of the Sn(l)-SOFC described in Figure 3.14, when fuelled with 410%CH He  or 
210%H He  at the operating temperatures range 973 – 1123 K considered are: the 
dissolution of oxygen in molten tin, the oxidation of molten tin to SnO or SnO2, the 
partial oxidation of carbon and methane, and the oxidation of hydrogen. Hence, the 
experimental data were also compared with the Nernst potential differences for 
oxidation of molten tin to SnO or SnO2, and equilibrium potential differences for the 
partial oxidation of carbon and methane. The stoichiometric equations for these 
reactions are: 
 2 2( ) ( ) ( )Sn l O g SnO s  [10.1] 
 2
1
( ) ( ) ( )
2
Sn l O g SnO s  [10.2] 
 2
1
( ) ( ) ( )
2
C s O g CO g  [10.3] 
 4 2 2
1
( ) ( ) 2 ( ) ( )
2
CH g O g H g CO g   [10.4] 
 2 2 22 ( ) ( ) 2 ( )H g O g H O g  [10.5] 
The Nernst potential differences for the oxidation of molten tin to SnO and SnO2 were 
computed from equations 10.6 and 10.7 respectively: 
 
1
2
2 ( )0
, ,
( )
.
2
O Sn l
SnO T SnO T
SnO s
P aRT
E E In
F a
     [10.6] 
 2
2 2
2
( )0
, ,
( )
.
4
O Sn l
SnO T SnO T
SnO s
P aRT
E E In
F a
     [10.7] 
The standard equilibrium potential difference 0,r TE  at temperature T  was obtained 
from the Gibbs energy change for the reaction 0r TG : 
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Where e  is the reaction electron stoichiometry and F  the Faraday constant. 0.21 
bar was used as the partial pressure of oxygen in all the Nernst equations, because 
air was fed to the cathode, while unity was used as the activity for each of molten tin, 
SnO, and SnO2 in the computation of the Nernst potential differences of equations 
10.6 and 10.7. The Nernst potential differences for the oxidation of hydrogen and 
partial oxidation of methane and carbon are given by equations 10.9, 10.10, and 
10.11, respectively: 
 2 2
2 2
2
2
0
, , 2
.
4
H O
H O T H O T
H O
P PRT
E E In
F P
     [10.9] 
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F P P 
     [10.11] 
The calculated standard equilibrium potential differences for the partial oxidation of 
carbon and methane, i.e. 0 ,CO TE  and 2
0
,H CO TE   were plotted in Figure 10.1, as the 
experimental Nernst potential difference could not be determined, because the CO  
ion current of the mass spectrometer did not change during the experiments. 
Likewise, the equilibrium potential difference 
2
0
,H O TE  for the oxidation of hydrogen was 
plotted in Figure 10.1, because the water exiting the reactor was not quantified and 
dry hydrogen was used. The data used for the computation of the Gibbs energy 
changes for the reactions considered are provided in the appendix and were 
obtained from: Barin, Knacke and Kubaschewski (1977); Barin, 1993; Chase et al. 
(1985); Chase (1998); Frenkel et al. (1994); Gurvich, Veitz, and Alcock (1989); 
Glushko (1994); Glushko (1996); Knacke, Kubaschewski and Hesselman (1991); 
Landolt (1999); McBride, Gordon & Reno (1993); Otsuka, Sano and Kozuka (1981); 
Binnewies & Milke (2002); and  Parnaik (2003).  
Figure 10.1 shows that the open circuit potential differences measured at all 
temperatures considered for the 410%CH He -fuelled Sn(l)-SOFC were very much 
lower than the standard equilibrium potential difference for the partial oxidation of 
methane to CO and H2 which is the thermodynamically expected reaction at the 
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operating temperatures considered. However, the measured open circuit potential 
differences were higher than the theoretical Nernst potential differences for the 
oxidation of molten tin by gaseous oxygen molecules to SnO and SnO2.  
This implies that the oxidation of methane at the molten tin anode was very sluggish 
at the experimental conditions considered in this study and the expected open circuit 
potential difference and consequently the maximum cell performance for a methane 
oxidation in a fuel cell was not achieved; methane is difficult to activate especially in 
the absence of a catalyst (Choudhary, Aksoylu & Goodman, 2003) and molten tin 
does not appear to activate methane oxidation. Also, multiple methane reactions 
which included pyrolysis (Serban et al., 2003), thermal and oxidative coupling, and 
oxidation could occur simultaneously at the bubble | molten tin interface as discussed 
earlier in Chapter 9.  
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Figure 10.1: Temperature dependence of the open circuit potential 
differences for a Sn(l)-SOFC fuelled with either 410%CH He  or 
210%H He  compared to the temperature dependence of the 
standard equilibrium potential differences for the oxidation of methane, 
carbon and hydrogen  
The measured potential differences for the 410%CH He  fuelled SOFC with molten 
tin anode were also further away from the equilibrium potential differences for the 
partial oxidation of carbon to carbon monoxide at the high temperatures considered. 
This implies that the prevailing reaction at the molten tin anode was not the oxidation 
of carbon (which might have resulted from the pyrolysis of methane) or the graphite 
used as the anode current collector. The ion current data obtained from the mass 
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spectrometer did not show any change in the carbon monoxide ion current signal, 
also confirming that the graphite current collector was kinetically stable in the molten 
tin during the measurement of the open circuit potential differences. 
In separate experiments, a blend of hydrogen and helium ( 210%H He ) was used to 
reduce the molten tin such that the open circuit potential difference at each 
temperature corresponded to the equilibrium potential difference for hydrogen 
oxidation at the particular temperature.  
The experiment performed with hydrogen ( 210%H He ) was used simply to 
demonstrate that a fuel can really be used to drive the potential difference further 
away from the equilibrium for molten tin oxidation such that the open circuit potential 
difference is then controlled by the oxidation of the fuel. This is the ideal that is also 
desired for the methane-fuelled Sn(l)-SOFC; this is possible if the oxidation of 
methane at the molten tin anode is not sluggish.  
10.2.2. Actual Performance of Methane-fuelled Sn(l)-SOFC 
The impedance spectrum for the 10%CH4-He-fuelled Sn(l)-SOFC (cell 7.1) shown in 
Figure 10.2 was obtained at open circuit and frequency range of 100 mHz - 10 kHz. 
 4 2 3 210% , ( ) |10% | , ,CH He Sn l Y O ZrO LSM YSZ LSM air    (10.1) 
The ohmic impedance obtained from the high frequency intercept with the real axis 
was 1.685 mΩ m2, while the non-ohmic impedance determined from the difference 
between the low and high frequency intercepts with the real axis was ca. 2.66 mΩ 
m2. 
This ohmic impedance was ca. 86 % of the total impedance, which implies that ohmic 
potential losses controlled the reactor performance. The estimated resistance of the 
YSZ electrolyte was 2.2610-4 Ω m2. Analysis of this ohmic resistance presented in 
the appendix showed that ca. 59 % of it was contact resistance, which was 
enormous, largely due to the inherent difficulty in achieving a low resistance contact 
at the (silver wire) silver wool current collector | cathode interface. The total surface 
area of 1.310-3 m2 of the anode in contact with the electrolyte was used in 
computing the area specific resistances (impedances), current and power densities. 
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Figure 10.2: Impedance spectrum of  
410%CH He -fuelled Sn(l)-SOFC at open 
circuit, 850 oC and frequency range of 100 mHz 
- 10 kHz 
Figure 10.3: U-j and power density data for 
410%CH He -fuelled Sn(l)-SOFC at 850 
oC  
Figure 10.3 shows the potential difference-current density (U-j)  polarization curve for 
this cell; the open circuit potential difference was ca. 0.89 V, while a peak power 
density of ca. 100 W m-2 was achieved at a potential difference of ca. 0.45 V and 
current density of ca. 222 A m-2. As evident from the U-j polarization curve and 
impedance spectrum, the performance of the 410%CH He -fuelled cell was 
controlled by ohmic losses. 
Unfortunately, the peak power density obtained for the methane fuelled SOFC with 
molten tin anode considered in this study was much lower than the peak power 
density of 400 W m-2 reported by Tao et al. (2007a) for their liquid tin anode SOFC 
fuelled with natural gas; the lower power density achieved in this study appear to be 
largely due to the ohmic resistance, especially the inherent contact resistance at the 
silver wire (silver wool) | cathode interface.  
Contact resistance have been known to significantly lower the performance of 
SOFCs. Jiang (2001) has used special voltage probes to measure separately the 
contact resistance at the current collector | cathode and current collector | anode 
interfaces and shown that the contact resistances at these interfaces can contribute 
considerably to the total cell resistance. Foger, Donelson and Ratnaraj (1999) also 
achieved ca. 70% reduction in total cell resistance from 1.09 to 0.3 Ω cm2 at 750 oC 
by improving the contact between the electrode with additional contact layer and 
silver mesh. It has also been shown that the contact area of the current collector 
significantly affect the cell performance: Jiang, Love and Apateanu (2003) studied the 
effect of contact between electrode and current collector on the performance of solid 
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oxide fuel cells using current collector with various contact area.  They showed that 
the cell resistance and polarization losses of the cell decreased significantly when the 
contact area between the current collector and the cathode was increased; when the 
contact area of the current collector was increased from 4.6% to 27.2%, there was a 
corresponding decrease in cell resistance by ca. 80% from 1.43 to 0.19 Ω cm-2 at 
800 oC. 
Discrete and inhomogeneous contacts between electrode and current collector cause 
uneven current distribution in porous electrodes especially in porous electrodes with 
low electrical conductivity, which lead to higher cell resistances and polarization 
losses (Sasaki et al., 1996; Jiang, Love & Apateanu, 2003). Hence, there is the need 
to lower the contact resistance at the silver wire (silver wool) | cathode interface in 
this SOFC design in order to improve the cell performance. 
Figure 10.4 shows the time dependence of the power density of the 410%CH He  
fuelled Sn(l)-SOFC, when the potential difference was stepped for 60 minutes from 
the open circuit to 0.45 V, corresponding to the peak power density. The power 
density initially increased to ca. 100 W m-2, remained about this value for ca. 25 
minutes, and then decreased slightly; the decrease was probably due to a faster rate 
of oxygen dissolution and accumulation in the molten tin, compared to the rate of 
reaction of methane with the dissolved oxygen.  
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Figure 10.4: Time dependence of power density of 
10%CH4-He-fuelled Sn(l)-SOFC during cell operation at 
0.45 V and  850 oC  
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Figure 10.5: Variation of ion currents with time 
during the operation of Sn(l)-SOFC with 10%CH4-
He fuel at 0.45 V and 850 C (methane was 
injected into the molten tin at time equal to 750 s) 
Figure 10.6: Variation of ion current of hydrogen 
with time during the operation of Sn(l)-SOFC with 
10%CH4-He fuel at 0.45 V and 850 C 
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Figure 10.7: Variation of ion current of water 
with time during the operation of Sn(l)-SOFC 
with 10%CH4-He fuel at 0.45 V and 850 C 
Figure 10.8: Variation of ion current of carbon 
dioxide with time during the operation of Sn(l)-
SOFC with 10%CH4-He fuel at 0.45 V and 850 C 
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Figure 10.9: Variation of ion current for the 
m/z of 26, 27, & 30 during the operation of 
Sn(l)-SOFC with 10%CH4-He fuel at 0.45 V 
and 850 C 
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Figure 10.5 shows the variation of the ion currents with time during the operation of 
the Sn(l)-SOFC with 410%CH He  at 0.45 V and 850 
oC; as shown clearer in Figure 
10.6, Figure 10.7, and Figure 10.8, the ion currents for hydrogen, water, and carbon 
dioxide increased to a new steady state value as the cell operation progressed due to 
the reactions of methane at the bubble | molten tin interface.  Figure 10.9 shows the 
time dependence of the ion currents for the mass-to-charge (m/z) ratios of 26, 27, 
and 30 (http://webbook.nist.gov/chemistry/), which suggested the possibility of the 
occurrence of methane coupling reactions during fuel cell operation with 
410%CH He  at 850 
oC.  
10.2.3. Hydrogen Fuelled SOFC with Molten Tin Anode 
The results obtained from the study of a 210%H He -fuelled Sn(l)-SOFC described by 
cell (7.II) are presented and discussed in this section.  
 2 2 3 210% , ( ) |10% | , ,H He Sn l Y O ZrO LSM YSZ LSM air    (10.II) 
Having observed that contact resistance lowered the performance of the cell when 
operated on methane, more silver wool was added to the cathode compartment to 
reduce the contact resistance at the silver wire (silver wool) current collector | LSM 
cathode interface, before experiments were performed with 210%H He . In order to 
show the possibility of a fuel oxidation reaction controlling the cell potential 
difference, hydrogen was used to reduce the molten tin, such that the open circuit 
potential difference corresponded to the equilibrium potential difference for the 
oxidation of hydrogen by gaseous oxygen at the operating temperature of 850 oC. 
The potential difference-current density (U-j) polarization and power density curves 
as well as the impedance spectrum were then obtained in order to further 
characterize the 210%H He -Sn(l)-SOFC. 
Figure 10.10 shows the impedance spectrum obtained at open circuit potential 
difference and frequency range of 10 mHz – 10 kHz; an ohmic impedance of 1.421 
mΩ m2 and a non-ohmic impedance of 0.546 mΩ m2 were obtained, the ohmic 
impedance being 72.2 % of the total impedance.  When the impedance spectrum of 
Figure 10.10 was compared to those of Figure 10.2, obtained before the amount of 
silver wool at the cathode was increased, it was observed that the ohmic resistance 
had decreased from 1.685 mΩ m2 to 1.421 mΩ m2 apparently due to a decrease in 
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the contact resistance at the silver wool current collector | cathode interface by the 
additional silver wool. 
Figure 10.11 shows the U-j polarization and power density curves for the 210%H He  
fuelled Sn(l)-SOFC; a peak power density of ca. 122 W m-2 was achieved at a 
potential difference of ca. 0.5 V and current density of ca. 245 A m-2. This shows an 
improvement in cell performance over what was achieved for the 410%CH He -
fuelled cell. However, this power density was still considerably lower than the peak 
power density of 1.53 kW m-2 reported by Tao et al. (2008) for their Gen 3.1 cell, 
which was fuelled with 300 cm3 min-1 hydrogen at 1000 oC. This difference was 
apparently due to the temperature difference as well as the large ohmic losses (of 
which ca. 52% was contact resistance) which controlled the performance of the Sn(l)-
SOFC investigated in this project. 
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Figure 10.10: Impedance spectrum of 10%H2-
He-fuelled Sn(l)-SOFC with molten tin anode at 
open circuit, 850 oC and frequency range of 10 
mHz - 10 kHz, obtained prior to other 
measurements  
Figure 10.11: U-j polarization and power density 
curves of 10%H2-He-fuelled Sn(l)-SOFC with 
molten tin anode at 850 oC   
Figure 10.12 compares the performance of the 210%H He  fuelled and 410%CH He  
fuelled cells; a higher reactor performance was obtained revealing that the operation 
of this reactor such that the cell potential diffrence is controlled by the oxidation of the 
fuel enhanced the performance. So it is essential to optimize this reactor such that 
the cell potential is controlled by the desired oxidation of methane.  
The data presented in Figure 10.13 were obtained by first reducing the molten tin 
with  210%H He  until the open circuit potential difference corresponded to the 
equilibrium potential difference for the oxidation of hydrogen by gaseous oxygen 
molecules at 850 oC. The potential sweep from open circuit to zero and back was 
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then performed at 10 mV s-1 while hydrogen was still bubbled through the molten tin 
to obtain the U-j polarization and power density curves for the 210%H He  fuelled 
cell. After the U-j measurement with hydrogen, the hydrogen valve was closed while 
the molten tin was purged with helium until the hydrogen was completely flushed out 
of the reactor as confirmed by the mass spectrometer ion current for hydrogen. 
410%CH He  was then bubbled through the molten tin and the potential swept from 
the open circuit potential difference to zero and back, to obtain U-j polarization and 
power density curves for the 410%CH He  fuelled cell. 
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Figure 10.12: Comparison of U-j polarization 
and power density curves of 10%H2-He-fuelled 
cell with 10%CH4-He-fuelled cells at 850 
oC (the 
molten tin was not reduced with hydrogen prior 
to the experiment with methane) 
Figure 10.13: Comparison of U-j polarization and 
power density curves of 10%H2-He-fuelled cell 
with 10%CH4-He-fuelled cell at 850 
oC (the data 
for 10%CH4-He-fuel cell was obtained after the 
molten tin had been reduced with hydrogen and 
the reactor purged with helium)  
Figure 10.13 shows the improvement achieved in the performance of the 
410%CH He -fuelled Sn(l)-SOFC by lowering the contact resistance at the silver wire 
(wool) current collector | cathode interface and reducing the molten tin with hydrogen. 
This implies that the total elimination of contact resistance from this cell design and 
improved rate of methane oxidation at the bubble | molten tin interface would 
enhanced the performance of the methane-fuelled Sn(l)-SOFC design investigated in 
this project. 
Figure 8.11 shows the effect of operating temperature on the U-j polarization and 
power density curves for the 210%H He -fuelled Sn(l)-SOFC; the current and peak 
power densities increased with increasing operating temperature in the range 973 – 
1123 K investigated. This was expected since the cell ohmic and non-ohmic 
impedances shown in Figure 10.15 decreased with increasing operating temperature; 
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for instance the ohmic resistance were 3.63, 2.86, and 1.42 mΩ m2 with 
corresponding peak power densities of ca. 41.5, 64, and 135 W m-2 at 973, 1023, and 
1123 K respectively. The electrode reaction kinetics as well as the electrical 
conductivities of the LSM-YSZ/LSM double-layered cathode and electrolyte 
increased with increasing operating temperature, resulting in improved cell 
performance with increasing temperature. The oxygen solubility in molten tin also 
increases with increasing temperature (Belford & Alcock, 1965; Carbo Nover & 
Richardson, 1972; Ramanarayanan & Rapp, 1972; Kunstler et al., 2000) as 
discussed in Chapter 5, so high temperatures enhances the performance of the Sn(l)-
SOFC. 
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Figure 10.14: U-j polarization and power density 
curves for 10%H2-He-fuelled Sn(l)-SOFC at 973, 
1023, and 1123 K 
Figure 10.15: Impedance spectra of 10%H2-He-
fuelled Sn(l)-SOFC at 973, 1023, and 1123 K 
These results confirmed the possibility of improving the performance of the Sn(l)-
SOFC investigated in this project by optimizing the cell design and operating 
conditions. Hence, the performance of the methane-fuelled Sn(l)-SOFC investigated 
in this study may be improved by: 
i)   Lowering the ohmic resistance: a decrease of the ohmic resistance, especially 
the complete elimination of the enormous contact resistance at the current 
collector | cathode interface, is required to improve the cell performance. 
ii)  Improving fuel oxidation at the bubble | molten tin interface: The oxidation of 
methane by dissolved oxygen in molten tin was observed to be sluggish; 
increasing the rate of methane oxidation e.g. by using molten alloys that could 
catalyze its oxidation as the anode, such that the cell potential difference is 
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controlled by methane oxidation and the expected open circuit potential 
difference for methane oxidation is achieved.  
iii) Increasing the operating temperature: Since the solubility of oxygen in molten 
tin (Belford & Alcock, 1965; Carbo Nover & Richardson, 1972; 
Ramanarayanan & Rapp, 1972; Kunstler et al., 2000), ionic conductivity of the 
electrolyte (Jiang, 2006) and electronic conductivity of the LSM-YSZ/LSM 
double-layered electrode, and the electrode reaction kinetics increase with 
increasing operating temperature (Jiang, 2006), operating the cell at higher 
temperature would improve the cell performance. In this study, the operating 
temperature of the reactor silicone o-ring (seal) was limited to 230 oC, while 
the cell operating temperature was limited to 850 oC because the reactor seal 
failed when the cell was operated at 900 oC for a long time.  
10.3. Oxygen Dissolution and Fuel Reaction at the Molten Tin Anode 
Unlike the molten tin reformer in which there is periodic dissolution of oxygen in and 
de-oxygenation (due to reaction with methane) of molten tin; in the methane-fuelled 
Sn(l)-SOFC, there is simultaneous dissolution of oxygen in and de-oxygenation of the 
molten tin. Also, for the molten tin reformer, oxygen was supplied to the molten tin by 
bubbling 10%O2-He through it but in the case of the methane-fuelled Sn(l)-SOFC 
oxygen was injected through the YSZ electrolyte by reduction at the cathode and 
subsequent conduction through the electrolyte and dissolution in the molten.  
In the Sn(l)-SOFC, oxygen reduction occurred at the cathode according to equation 
10.12 to yield oxide ions which were conducted through the YSZ electrolyte to the 
YSZ | molten tin interface: 
 22
1
( ) 2
2
O g e O   [10.12] 
In Chapter 8, it was shown that when 210%O He  blend was bubbled through molten 
tin, surface chemical reaction at the bubble | molten tin interface controlled the rate of 
oxygen dissolution in molten tin. The rate controlling mechanism involved the 
chemisorption of oxygen to molten tin surface to form SnOad as the adsorbed species 
which subsequently dissociated into molten tin and oxygen atom incorporated in the 
molten tin, when the concentration of dissolved oxygen atoms in the molten tin was 
lower than the saturation value. Based on this knowledge, the following mechanism 
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was proposed for reaction of oxide ions at the YSZ | molten tin interface of the Sn(l)-
SOFC: 
 
 
 1 1 2 31
2I
ad YSZSn O e Sn O
     
   
 [10.13] 
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or 
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 
 
2 1 2 31
, 0
II
ad Sn x
Sn O Sn O
     

   [10.16] 
where 1  and 2  represents the fractional surface coverages of Sn
IO-ad and SnIIOad 
intermediates. The dissolved oxygen would diffuse from the YSZ | molten tin interface 
(x=0) into the bulk of the molten tin (x=δ): 
    , 0 ,
 O  O
Sn x Sn x d 

 [10.17] 
However, in an unfuelled batch Sn(l)-SOFC, if at the YSZ | molten tin interface 
   , 0 , Sn x Sn satO O   (molten tin supersaturation required to drive a phase formation 
process), due to restricted rates of mass transport away from the YSZ | molten tin 
interface under quiescent conditions (  SnOD  = 5.8710
-9 m2 s-1 at 850 °C), then these 
reactions at the molten tin anode would have been followed by a further two step 
process with a third adsorbed intermediate with fractional coverage symbolised by 
3 , for instance: 
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Hence, similar to the molten tin reformer (which involved gas phase oxygen 
dissolution in molten tin), the reaction sequence of equation 10.13 to 10.16 shows 
that in an unfuelled batch Sn(l)-SOFC, current densities due to reactions (10.13) and 
(10.14), or (10.13), (10.15) and (10.16) initially cause [O ]Sn concentration to increase 
to saturation, beyond which further oxidation occurs by reactions (10.18) and (10.19), 
ultimately forming SnO2. This does not preclude the formation of non-stoichiometric 
tin oxide phases, depending on the extent of reaction (10.19).  
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The overall reaction of oxygen dissolution at the molten tin anode is: 
  2 2SnO O e
   [10.20] 
Hence, similar to the molten tin reformer, the global reaction of oxygen dissolution in 
a Sn(l)-SOFC is: 
    2
1
2 Sn
O g O  [10.21] 
But in the absence of fuel at the molten tin anode, the overall reaction at the molten 
tin anode due to saturation with dissolved oxygen atoms and SnO2 formation would 
be: 
    2 22 4Sn l O SnO s e
    [10.22] 
While the the global reaction in the Sn(l)-SOFC would be: 
      2 2Sn l O g SnO s  [10.23] 
In a fuelled Sn(l)-SOFC, the latter reactions (10.18) and (10.19) would be precluded 
by the fuel reacting with and hence depleting the dissolved oxygen atoms in the 
molten tin. 
For a hydrogen-fuelled Sn(l)-SOFC, one would expect: 
    2 , 2[ ]Sn xH g O H O gd   [10.24] 
In the case of a methane-fuelled Sn(l)-SOFC, the desired reaction would be: 
    4 , 2 24[ ] 2 ( )Sn xCH g O H O g CO gd    [10.25] 
As mentioned earlier, the chemical species identified from the mass spectrometer ion 
currents suggested multiple reactions of methane at the bubble | molten tin interface. 
In an attempt to gain a better understanding of what happened at the molten tin 
anode when 10%CH4-He bubbles were injected into molten tin, separate experiments 
were performed usning the arrangement of equipments described in Figure 3.13 for 
which the molten tin was first reduced with hydrogen so that the concentration of 
dissolved oxygen atoms in the molten tin was very low. The reactor was then purged 
with helium before 10%CH4-He was bubbled through the molten tin at a total flow 
rate of 60 ml min-1. 
241 
 
1.00E-13
1.00E-12
1.00E-11
1.00E-10
1.00E-09
1.00E-08
0 500 1000 1500 2000 2500 3000 3500
Io
n
 C
u
rr
e
n
t 
/ 
A
Time / s
2
Methane
26
27
30
25
 
0.00E+00
5.00E-13
1.00E-12
1.50E-12
2.00E-12
2.50E-12
3.00E-12
3.50E-12
4.00E-12
4.50E-12
5.00E-12
0 500 1000 1500 2000 2500 3000 3500
Io
n
 C
u
rr
e
n
t 
/ 
A
Time / s
25
26
27
30
 
Figure 10.16: Variation of ion currents with time 
during the bubbling of 10%CH4-He through 
molten tin at 850 oC.  
Figure 10.17: Variation of ion currents of m/z 
ratios 25, 26, 27, and 30 with time during the 
bubbling of 10%CH4-He through molten tin at 850 
oC. 
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Figure 10.18: Variation of ion current of 
hydrogen with time during the bubbling of 
10%CH4-He through molten tin at 850 
oC. 
Figure 10.16, Figure 10.17, and Figure 10.18 show the variation of the mass 
spectrometer ion currents with time during the period of bubbling of the 10%CH4-He 
through the molten tin. In addition to the variation in the ion current for hydrogen, 
variations were also observed in the ion currents for the m/z ratios 25, 26, 27, and 30 
(http://webbook.nist.gov/chemistry/) which suggested that the reactor exhaust 
probably consisted of acethylene, ethylene, and ethane in addition to hydrogen. 
Variations were not observed in the ion currents of carbon dioxide and water when 
10%CH4-He was bubbled through the molten tin at this very low concentration of 
dissolved oxygen atoms in the molten tin. This observation confirms the possibility of 
multiple reactions of methane occurring at the high temperatures considered in this 
study when 10%CH4-He was injected into the molten tin; these reactions probably 
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included the thermal and oxidative coupling of methane in addition to its oxidation, 
depending on the concentration of dissolved. 
Unfortunately, lack of mass spectrometer calibration made it difficult to accurately 
obtain compositions of the reaction species and elucidate these reactions. Hence, 
there is the need for further studies on the reactions of methane at the bubble | 
molten tin interface in order to correctly describe the mechanisms of the de-
oxygenation of molten tin by methane. 
10.4. Chapter Conclusion 
A 10%CH4-He-fuelled Sn(l)-SOFC was demonstrated, characterized, and compared 
with a 10%H2-He-fuelled Sn(l)-SOFC:  
 The open circuit potential difference of the methane 10%CH4-He-fuelled-SOFC 
was lower than the expected Nernst potential for the oxidation of methane but 
larger than the Nernst potential for molten tin oxidation to SnO or SnO2 in the 
temperature range 973 – 1123 K investigated which indicated sluggish 
methane reaction at the bubble | molten tin interface.  
 A peak power density of ca. 100 W m-2 at a potential difference of ca. 0.45 V 
and current density of ca. 222 A m-2 was achieved for the methane-fuelled 
Sn(l)-SOFCs with molten tin anode, while a peak power density of ca. 122 W 
m-2 at ca. 0.5 V and 245 A m-2 was achieved for the hydrogen-fuelled Sn(l)-
SOFC, both equally low performances were controlled by ohmic losses which 
were essentially due to the inherent difficulty in achieving a low resistance 
contact at the silver wire (silver wool) current collector | cathode interface. 
 The performance of the methane-fuelled Sn(l)-SOFC considered in this study 
may be improved by decreasing the ohmic resistance, especially through the 
elimination of the contact resistance at the current collector | cathode 
interface, improving the oxidation of methane e.g. by using molten alloy 
catalyst and by operating at higher temperatures. 
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11. Conclusions and Future Work 
In this chapter, conclusions based on the objectives of this project and the results 
presented and discussed in previous chapters are highlighted as contribution to 
knowledge from this project while future work are suggested. 
11.1. Conclusions 
The dissolution of oxygen in molten tin was studied:  
Oxygen was separated successfully from a 10%O2-He blend through gas bubbling 
and dissolution in molten tin. This suggests that oxygen may be separated from air in 
the molten tin reformer by bubbling air through molten tin in the first stage of the 
process 
 An LSM-YSZ/LSM double-layered reference electrode and YSZ electrolyte 
potentiometric oxygen sensor could be employed as an in situ online sensor 
for the measurement of oxygen concentration in molten metals (e.g. tin) at 
high operating temperatures. 
 The solubility limit of oxygen in equilibrium with SnO in molten tin measured in 
the temperature range 973 – 1123 K was 0.019 - 0.107 atom%. The 
temperature dependence of the solubility of oxygen in molten tin may be 
described as: 
 
 10 ,
5483( )
og [ ] / % 3.92s T
K
L O atom
T

 
   
 While the temperature dependence of the Gibbs energy change for the 
formation of SnO may be described as:   
 
0 -1
, kJ mol 280.98 0.1017SnO TG T      
A pressure pulse technique which incorporates a differential pressure transducer was 
employed successfully in the measurement of frequencies of bubble formation in 
molten tin at high temperatures in the range 973 -1173 K. The bubbles were 
approximated as oblate spheroids which wobbled. 
The rate of oxygen dissolution in molten tin when 10%O2-He blend was bubbled 
through it was controlled by chemical reaction at the bubble | molten tin interface; the 
mechanism involved a first step of chemisorption to molten tin at the bubble | molten 
tin interface, forming SnO as the absorbed intermediate. The second step of the 
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mechanism involved the dissociation of SnO to molten tin and oxygen atom 
incorporated in the molten tin. The rate limiting step was the dissociation of SnO into 
molten tin and oxygen atom. 
Likewise, the rate of deoxygenation of molten tin by 10%CH4-He was not limited by 
the diffusion of oxygen atoms in the molten tin but might be limited by surface 
reaction at the bubble | molten tin interface. 
A novel methane-fuelled Sn(l)-SOFC, incorporating a molten tin bath and gas 
bubbling through the molten tin was shown to have:  
  Open circuit potential difference lower than the expected Nernst potential for 
the oxidation of methane in the temperature range 973 – 1123 K due to 
sluggish oxidation of methane at the bubble | molten tin interface.  
  A peak power density of ca. 100 W m-2 at a potential difference of ca. 0.45 V 
and current density of ca. 222 A m-2, this performance was controlled by ohmic 
losses which were essentially due to the inherent difficulty in achieving a low 
resistance contact at the silver wire (silver wool) current collector | cathode 
interface employed in the study. 
The performance of the novel methane-fuelled Sn(l)-SOFC considered in this study 
may be improved by decreasing the ohmic resistance, especially through the 
elimination of the contact resistance at the current collector | cathode interface, 
improving the oxidation of methane and by operating at higher temperatures. 
11.2. Future Works 
Research objectives which emanated from the results obtained in this study but 
which could not be considered within the time limit of this study are presented in this 
section. The objectives were to: 
 Define the reaction compostion for methane reaction at bubble | molten tin 
interfaces: adequate investigation of the reactions of methane at the buble | 
molten tin interface with mass spectrometer calibration to define the 
composition of products and elucidate the reaction mechanism is required. 
 Optimize the Sn(l)-SOFC investigated in this thesis; eliminate contact 
resistance at the current collector | cathode interface and operate cell at 
temperature higher than 850 oC. 
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 Investigate the catalytic effects of molten metal alloys on the oxidation of 
methane. For instance alloys e.g. nickel and tin may offer catalytic benefits for 
methane reforming in the reactor while electricity is still generated by the 
system. 
 Increase methane conversion at bubble | molten tin Interface: use higher bubble 
residence time, (i.e. use smaller bubbles and increase the depth of molten tin 
in the reactor), operate reactor at temperatures higher than 850 oC, or/and use 
a molten metal alloy catalyst for the reaction of methane with [O]Sn.  
 Optimize molten tin reformer for syngas production: operate at higher 
temperature, control the CH4:[O]Sn at the bubble | molten tin interface, or/and 
use a molten metal alloy catalyst (e.g. Sn and Ni). 
 Investigate molten alloy anodes for methane-fuelled SOFC for syngas 
generation; determine the effect of alloy composition on the solubility and 
diffusivity of oxygen atoms in the molten metal alloy, the activity of the molten 
alloy catalyst on methane conversion to syngas. Catalyst for the partial 
oxidation of methane could improve the rate of methane conversion at the 
molten metal | bubble interface such that the open circuit potential difference 
for the partial oxidation of methane is achieved.  
 Use of alloys will also necessitate the study of the kinetics of methane oxidation 
at the bubble | molten metal alloy interface. 
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Appendices 
In this section, the procedure and data employed in the computation of the Gibbs 
energy changes for the reactions considered in this study are presented. The 
diffusivity of oxygen in molten tin reported in the literature are compared while the 
analysis of the ohmic losses of the methane- and hydrogen-fuelled Sn(l)-SOFCs are 
reported. In addition, some data obtained for the characterization of bubbles as well 
as the Gibbs energy minimization method and process analysis of a Sn(l)-SOFC for 
the conversion of fossil fuels to electricity are presented.  
A. Thermochemical Data for the Computation of Gibbs Energy Changes  
The Gibbs energy change for a reaction is expressed as: 
 , , ,Pr Re tanreaction T i i T i i Toducts ac tsG G G        [A.1] 
Where i  denote reactant or product species, i  species stoichiometry and iG  the 
Gibbs energy change for the formation of the species. The relationship between the 
Gibbs energy change, enthalpy, and entropy of formation of a species is: 
 , , ,i T i T i TG H T S      [A.2] 
The enthalpy and entropy of formation of a species are described by equations A.3 
and A.4 respectively: 
 , ,298.15 ,298.15 ( )
To
i T i p iH H C T dT      [A.3] 
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Where ,298.15
o
iH and ,298.15
o
iS  are the standard enthalpy and entropy of formation of the 
species respectively. If there is a change of phase equations A.5 and A.6 are used 
instead of A.3 and A.4: 
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Where ,cp iT  is the temperature at which a change of phase occurs while ,pc iH  is the 
enthalpy of phase change of the species. The variation of the heat capacity (J mol-1 
K-1) with temperature expressed by the power series was obtained from Chase 
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(1998): 
 2 3 2Cp A B C D E          [A.5] 
Where 310 ( )T K  , and A, B, C, D are constants. The values of these constants for 
H2, H2O, CH4, CO2, CO, and O2 are given on Table A.1 (Chase, 1998).The heat 
capacity for carbon was obtained from Butland and Maddison (1973) and is 
expressed as a function of temperature by the power series: 
 
4 3 1 6 2 8 3 10 4*10 *10 *10 *10 *10Cp A B T C T D T E T F T           [A.6] 
The constants A, B, C, D, E, and F are given on Table A.2. The standard enthalpies 
and entropies of formation of H2, H2O, CH4, CO2, CO, O2 (Chase, 1998) and carbon 
(Butland & Maddison, 1973) are given on Table A.3 
Table A.1: Coefficients of the heat capacity power series for CH4 (g), H2 (g), CO (g), CO2 (g), H2O (l), 
H2O (g), and O2 (g), (Chase, 1998) 
Species 
Temperature 
Range (K) 
A B C D E 
       
CH4 298-1300 
1300-6000 
-0.703029 
85.81217 
108.4773 
11.26467 
-42.52157 
-2.114146 
5.862788 
0.13819 
0.678565 
-26.42221 
H2 298 – 1000 
1000 - 2500 
33.066178 
18.563083 
-11.363417 
12.257357 
11.432816 
-2.859786 
-2.772874 
0.268238 
-0.158558 
1.97799 
CO 298 – 1300 
1300-6000 
25.56759 
35.1507 
6.09613 
1.300095 
4.054656 
-0.205921 
-2.671301 
0.01355 
0.131021 
-3.28278 
CO2 298 - 1200 
1200-6000 
24.99735 
58.16639 
55.18696 
2.720074 
-33.69137 
-0.492289 
7.948387 
0.038844 
-0.136638 
-6.447293 
H2O 298-500 
500 – 1700 
1700-6000 
-203.606 
30.092 
41.96426 
1523.29 
6.832514 
8.622053 
-3196.413 
6.793435 
-1.49978 
2474.455 
-2.53448 
0.098119 
3.855326 
0.082139 
-11.15764 
O2 100. – 700 
700. - 2000 
31.32234 
30.03235 
-20.23531 
8.772972 
57.86644 
-3.988133 
-36.50624 
0.788313 
-0.007374 
-0.741599 
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Table A.2: Coefficients of the heat capacity power series for carbon (Butland & Maddison, 1973) 
Temperature Range / K 250 - 3000 
A 27.069006 
B 4.578676 
C -4.536443 
D -2.183448 
E 8.005718 
F -7.22072 
 
Table A.3: Standard enthalpies and entropies of formation of CH4(g), H2(g), CO(g), CO2(g), H2O(l), 
H2O(g), O2(g), C(s) 
Species ,298.15
o
iH  /  kJ mol
-1 ,298.15
o
iS  / J mol
-1 K-1 
   
CH4 -74.87 186.25 
H2 0 130.68 
CO -110.53 197.66 
CO2 -393.52 213.79 
H2O (liquid) -285.83 69.95 
H2O (gas) -241.83 188.84 
O2 0 205.15 
Carbon 0 5.6 
 
Some of the Gibbs energy changes of reactions considered in this study were 
computed using HSC Chemistry 5.1 software (Outotec; 
www.outotec.com/en/Products--services/HSC-Chemistry/). The standard enthalpies 
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and entropies of formation of species used by this software are presented on Tables 
A.4 and A.5 while the power series employed for the heat capacity of species is: 
 3 5 2 6 2( ) *10 *10 *10pC T A B T C T D T
       [A.7] 
The constants A, B, C, and D for species considered in this study are presented on 
Tables A.6 and A.7. The data used by HSC Chemistry 5.1 were taken from: Barin, 
Knacke and Kubaschewski (1977), Barin (1993) Chase et al. (1985), Chase (1998), 
Frenkel et al. (1994) Gurvich, Veitz, & Alcock (1989), Glushko (1994), Glushko 
(1996), Knacke, Kubaschewski & Hesselman (1991), Landolt (1999), McBride, 
Gordon & Reno (1993), Binnewies & Milke (2002), and  Parnaik (2003). 
Table A.4: Standard enthalpies and entropies of formation of CH4(g), H2(g), CO(g), CO2(g), H2O(l), 
O2(g), and C(s) 
Species 
,298.15
o
iH  / kJ mol
-1 ,298.15
o
iS  / J mol
-1 K-1 
CH4 -74.6 186.368 
H2 0 130.679 
CO -110.541 197.661 
CO2 -393.505 213.769 
H2O -285.83 69.95 
O2 0 205.149 
Carbon 0 5.74 
   
Table A.5: Standard enthalpies and entropies of formation of Sn(s), SnO(s), SnO2(s), Bi(s), Bi2O3 (s), 
n(s), In2O3(s), Pb(s), PbO(s), Sb(s), Sb2O3(s), Cu(s), CuO(s), Cu2O(s) 
Species 
,298.15
o
iH  / kJ mol
-1 ,298.15
o
iS  / J mol
-1 K-1 ,pc iH  / kJ mol
-1 
    
Sn 0 51.18 7.194 
SnO -280.709 57.17 27.698 
SnO2 -577.631 49.011 23.401 
Bi 0 56.735 11.297 
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Bi2O3 -578.01 149.81 14.7 
In 0 57.65 3.283 
In2O3 -923 101.8 105 
Pb 0 64.8 4.812 
PbO -218.062 68.697 25.522 
Sb 0 45.522 19.874 
Sb2O3 -708.547 129.9 54 
Cu 0 33.15 13.263 
CuO -155.8 42.74 49 
Cu2O -170.6 92.55 65.6 
    
Table A.6: Coefficients of the heat capacity power series for CH4(g), H2(g), CO(g), CO2(g), H2O(l), 
H2O(g), and O2(g) 
Species Temperature 
Range / K 
A B C D 
      
CH4 50-298.15 
298.15-1000 
1000-2000 
2000-6000 
33.972 
2.227 
47.08 
101.112 
-15.574 
96.944 
42.364 
5.376 
0 
6.112 
-85.906 
-447.835 
70.191 
-26.037 
-7.107 
0.141 
H2 50-298.15 
298.15-5000 
22.496 
25.855 
17.044 
4.837 
0.365 
1.584 
11.122 
-0.372 
CO 50-298.15 
298.15-800 
800-2200 
29.304 
25.867 
29.932 
-2.905 
6.508 
5.415 
0 
1.105 
-10.813 
7.925 
1.02 
-1.054 
CO2 50-298.15 
298.15-900 
900-2700 
22.226 
29.314 
54.435 
56.2 
39.97 
5.116 
0.105 
-2.484 
-43.578 
-22.518 
-14.783 
-0.806 
O2 100-298.15 29.78 -6.177 -0.021 15.997 
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298.15-700 
700-1200 
1200-2500 
22.06 
29.793 
34.859 
20.887 
7.91 
1.312 
1.621 
-6.194 
-14.14 
-8.207 
-2.204 
0.163 
H2O 3-273.151 
273.151-495 
495-515 
515-540 
540-600 
600-610 
-0.262 
186.884 
14930.77 
-902.288 
22605.05 
117.406 
140.518 
-464.247 
-39493.3 
2043.884 
-54991.1 
0 
0 
-19.565 
-6258.06 
557.455 
-11271.8 
0 
0 
548.631 
29613.202 
-1033.564 
37883.513 
0 
Carbon 20-100 
100-298.15 
298.15-600 
600-1300 
1300-3900 
-0.299 
-3.138 
-7.093 
15.912 
23.634 
11.491 
41.505 
59.133 
10.2 
1.183 
0 
0.078 
0.798 
-14.831 
-32.749 
83.49 
-8.85 
-32.708 
-3.02 
-0.023 
 
Table A.7: Coefficients of the heat capacity power series for Sn(s), SnO(s), SnO2(s), Bi(s), Bi2O3 (s), 
In(s), In2O3(s), Pb(s), PbO(s), Sb(s), Sb2O3(s), Cu(s), CuO(s), Cu2O(s) 
Species Temperature Range / K A B C D 
      
Sn 298.15-505 
505-4500 
21.594 
25.184 
18.096 
2.105 
0 
8.188 
0 
-0.163 
SnO 298.15-1250 
1250-3200 
43.811 
62.998 
13.439 
0 
-0.054 
0 
0.054 
0 
SnO2 298.15-1903 
1903-4400 
76.04 
92.002 
7.364 
0 
-22.238 
0 
0 
0 
Bi 298.15-544.55 
544.55-650 
650-1150 
28.454 
-52.158 
38.837 
-24.822 
151.307 
-19.021 
-0.012 
72.497 
-3.752 
50.416 
-81.43 
7.96 
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1150-3000 27.166 0.019 0.195 -0.003 
Bi2O3 298.15-1003 
1003-1098 
1098-4000 
96.742 
149.7 
202 
46.421 
0 
0 
2.509 
0 
0 
-0.052 
0 
0 
In 298.15-429.75 
429.75-4000 
21.727 
27.456 
11.881 
-1.092 
0.48 
4.234 
12.26 
0.502 
In2O3 298.15-2186 
2186-3500 
121.517 
160 
10.053 
0 
-22.618 
0 
0.003 
0 
Pb 100-350 
350-600.65 
600.65-1500 
1500-2400 
2400-3600 
26.354 
24.511 
35.23 
28.623 
7.407 
-6.153 
8.884 
-8.071 
-2.211 
9.221 
-0.157 
-0.458 
-2.289 
23.741 
244.624 
25.977 
0.06 
2.442 
0.957 
-0.789 
PbO 298.15-1159 
1159-2000 
45.179 
64.998 
12.887 
0 
-2.887 
0 
-0.013 
0 
Sb 298.15-904 
904-1891 
30.472 
31.38 
-15.385 
0 
-2 
0 
17.937 
0 
Sb2O3 298.15-897 
879-928 
928-4000 
118.307 
-749.204 
180 
-8.354 
1299.103 
0 
-12.771 
1146.336 
0 
35.442 
-513.903 
0 
Cu 100-400 
400-800 
800-1357.77 
1357.77-6000 
21.988 
26.013 
44.407 
31.4 
15.303 
-0.11 
-29.417 
0 
-0.736 
-1.725 
-23.841 
0 
-14.437 
2.8 
16.09 
0 
CuO 298.15-1500 
1500-3000 
48.591 
67 
7.198 
0 
-7.5 
0 
0.001 
0 
Cu2O 298.15-1517 
1517-4000 
64.55 
99.9 
17.581 
0 
-6.393 
0 
-0.001 
0 
 
277 
 
The correlation for the Gibbs energy change for the dissolution of oxygen in molten 
tin (J mol-1) reported by Otsuka, Sano and Kozuka (1981), Ramanarayanan and 
Rapp (1972), Heuzey and Pelton (1996), Shih, Filzner and Liang (1981), Chou et al. 
(1992), Belford and Alcock (1965) Fischer and Ackermann (1966) are expressed by 
equations A.8, A.9, A.10, A.11, A.12, A.13, and A.14 respectively: 
 
,
-1
[ ]  J mol 176,300 20.52   Sn TOG T  [A.8] 
 
,
-1
[ ] / J mol 167,470 6.87Sn ToG T     [A.9] 
 
,
-1
[ ] / J mol 182,000 63.3Sn TOG T     [A.10] 
 
,
-1
[ ] / J mol 183,000 24.89Sn TOG T     [A.11] 
 
,
-1
[ ] / J mol 177,940 22Sn TOG T     [A.12] 
 
,
-1
[ ] / J mol 183,675 65.90Sn TOG T     [A.13] 
 
,
-1
[ ] / J mol 192,844 50.16Sn TOG T     [A.14] 
The correlation for the Gibbs energy change reported by Otsuka, Sano and Kozuka 
(1981) was used in this study because it gave values that have been confirmed by 
Chou et al. (1992) and are close to those given by Shih, Filzner & Liang (1981) and 
Ramanarayanan & Rapp (1972) in the temperature range 973 – 1173 K considered, 
as shown in Figure A.1. 
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Figure A.1: Effect of temperature on Gibbs energy change for oxygen 
dissolution in molten tin 
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The Gibbs Energy Change for SnO Formation reported by Belford & Alcock (1965): 
  1, (810 970 ) 290.83 0.108 ( )
o
SnO TG K T kJ mol
       [A.15] 
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B. Correlations for the Diffusivity of Oxygen in Molten Tin 
The diffusivity of oxygen in molten tin has been measured and reported by 
Ramanarayanan and Rapp (1972), Otsuka and Kozuka (1974), Otsuka, Kozuka and 
Chang (1984), Chou et al. (1995), and Sears et al. (1993), the correlations reported 
are given by equations B.1, B.2, B.3, B.4, and B.5 respectively:  
 
1
2 1 8
[ ]
6300 ( )
/ 9.9 10 exp
SnO
Calmol
D m s x
RT

     
 
  
  [B.1] 
 
1
2 1 8
[ ]
4600 ( )
/ 6.4 10 exp
SnO
Cal mol
D m s x
RT

     
 
  
   [B.2] 
 
1
2 1 8
[ ]
18,800 ( )
/ 8.7 10 exp
SnO
J mol
D m s x
RT

     
 
  
   [B.3] 
 
1
2 1 7
[ ]
33,954 ( )
/ 3.421 10 exp
SnO
J mol
D m s x
RT

     
 
  
   [B.4] 
 
1
2 1 7
[ ]
25,760 ( )
/ 1.65 10 exp
SnO
J mol
D m s x
RT

     
 
  
   [B.5] 
These correlations are compared in Figure B.1, the correlation of Otsuka and Kozuka 
(1974) was used in the modelling 
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Figure B.1: Effect of temperature on the diffusivity of oxygen in molten tin 
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C. Analysis of Ohmic Losses of SOFCs with Molten Tin Anode 
The total ohmic potential loss due to the flow of current I  through the cell is the sum 
of the individual losses due to the cathode, anode, electrolyte and current collectors: 
 IR ktotal
k k k
l
I
A


    [C.1] 
Where kl  is the current path length, kA  the cross sectional area in phase k  of 
conductivity k . 
The ionic conductivity of YSZ electrolyte was obtained from Zhu and Kee (2003) and 
is expressed as: 
 
7
,
3.65 10 80,000
expel T
x
T RT

 
  
 
 [C.2] 
The electrical conductivity of the LSM-YSZ/LSM double-layered cathode was 
obtained from experimental data, while those of silver and graphite were obtained 
from Serway & Jewett (2008) and Hugh (1993), respectively.  
  
Table C.1: Resistance of components of SOFC with molten tin anode at 850 oC  
SOFC Component Current Path 
Length / m 
Cross Sectional 
Area / m2 
Conductivity  
/ S m-1 
Resistance 
 / Ω 
Cathode 0.0001 0.000976 3588.135 2.86 x 10-5 
Electrolyte 0.000785 0.001297 3.471 0.17437 
Anode 0.031825 0.001297 1.57 x 106 1.56 x 10-5 
Cathode Current 
Collector (silver wire) 
0.4 4.91x10-8 6.17 x 107 0.132 
Anode Current Collector 
(graphite rod) 
0.3 7.07x10-6 2 x 105 0.2121 
Total    0.5186 
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The electrical conductivity of tin was computed from the resistivity obtained from 
Sharafat and Ghoniem (2000) and is expressed as a function of temperature (oC): 
 
,
1
41.16 0.0263Sn T T
 
  [C.3] 
The contact resistance associated with each experimental cell was obtained by 
subtracting the computed cathode, anode, electrolyte and current collector 
resistances from the total experimental ohmic resistance. 
 
Table C.2: Contact resistances of helium stirred, methane and hydrogen fuelled SOFC with molten tin 
anode at 850 oC  
SOFC Total 
Resistance 
obtained 
from 
Experiment 
/ Ω 
Computed 
Cathode 
Resistance 
/ % 
Computed 
Electrolyte 
Resistance 
/ % 
Computed 
Anode 
Resistance 
/ % 
Computed 
Cathode 
Current 
Collector 
Resistance 
/ % 
Computed 
Anode 
Current 
Collector 
Resistance 
/ % 
Contact 
Resistance 
/ % 
        
Methane 
fuelled 
cell (1) 
1.28 0.0022 
 
13.62 
 
0.0012 
 
10.31 
 
16.57 
 
59.48 
 
Methane 
fuelled 
cell (2) 
1.241 
 
0.0023 
 
14.05 
 
0.0016 
 
10.64 
 
17.09 
 
58.23 
Hydrogen 
fuelled 
cell (1) 
1.095 
 
0.0026 
 
15.93 
 
0.0014 
 
12.06 
 
19.37 52.64 
Hydrogen 
fuelled 
cell (2) 
1.079 
 
0.0026 
 
16.15 
 
0.0014 12.23 
 
19.65 51.96 
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D. Gibbs Energy Minimization Method for the Computation of Multi-
component Equilibrium Composition in Heterogeneous Systems 
The method of minimization of Gibbs energy was employed in HSC Chemistry 5.1 for 
the computation of equilibrium composition of potential multicomponent 
heterogeneous reactions of the methane-fuelled SOFC with molten tin anode 
investigated in this study. This method has been described by Annamalai and Puri 
(2002) and is presented in this appendix  
The Gibbs energy minimization method for the computation of multicomponent 
equilibrium composition in heterogeneous systems involves the adjustment of 
species concentration by the LaGrange multiplier method until the Gibbs energy of 
equation D.1 reaches a minimum value (equation D.2) at equilibrium subject to the 
atom balance constrains and the specified pressure and temperature (Annamalai & 
Puri, 2002). 
  1 2, , , ,........., iG G T P n n n  [D.1] 
 , 0T PdG   [D.2] 
An atom balance is formulated for each element j  in the species: 
 
1
;
N
ji i ja n b        1,.....,j M  [D.3] 
Where jia  denotes the number of atoms of an element j  in species i , jb  number of 
j  atoms entering the reactor, in  number of moles of species i  while M and N are the 
numbers of elements and species in the system respectively. This relation can be 
expressed using the Lagrange multiplier method: 
  
1
,
N
j ji i ja n b
 
 
 
             1,.....,j M  [D.4] 
Where j  , 1,.....,j M , are Lagrangian multiplier. The Gibbs energy is minimized 
subject to the condition of equation D.4 so the function of equation D.5 is created: 
 
1
,
M N
j ji i j
i
L G a n b
 
   
 
          1,.....,j M  [D.5] 
So: 
 
1 ,,
0
M
j ji
i i T PT P
L G
a
dn n

    
     
   
            1,.......i N  [D.6] 
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The minimization of function L  with respect to in  for each of the species yield: 
 
1
0
M
i j jia           1,.......i N  [D.7] 
For an ideal mixture of gases or ideal mixture of liquids or solids: 
 ( , ) ( )oi i iG T P RTIn X     [D.8] 
Where i  is the chemical potential, 
o
iG  the standard Gibbs energy change for the 
formation, and  iX  the mole fraction of species i . 
The Gibbs equilibrium solver in HSC Chemistry 5.1 solved these equations to obtain 
the amount of each species at specified operating conditions of temperature, 
pressure and initial amount of reactants. The data used for the computation of the 
Gibbs energy changes for the formation of species considered in this study were 
obtained from: Barin, Knacke & Kubaschewski, 1977; Barin, 1993; Chase et al, 1985; 
Frenkel et al, 1994; Gurvich, Veitz, & Alcock, 1989; Glushko, 1994; Knacke, 
Kubaschewski & Hesselman, 1991; Landolt, 1999; McBride, Gordon & Reno (1993); 
and Otsuka, Sano & Kozuka, 1981, Binnewies & Milke (2002), and  Parnaik (2003). 
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E. Bubble Characterization 
Details of some of the data discussed in Chapter 6 on the characterization of bubbles 
generated in molten tin are presented in this section. Figure E.1 and Figure E.2 show 
that the bubble Eötvös number increased with increasing bubble diameter, the values 
were in the range 5 – 14 and 8 – 21 for the bubbles generated by the 3 mm and 6 
mm alumina nozzle respectively. Table E.1 shows the Morton numbers for molten tin 
in the temperature range 973 – 1173 K; they were in the range 4.24 – 6.57 x 10 -15. 
Figure E.3 and Figure E.4 show the effect of bubble diameter on the mean aspect 
ratio of bubbles generated by 3 mm and 6 mm alumina nozzles respectively. 
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Figure E.1: Effect of bubble diameter on Eötvös 
number of bubbles generated by 3 mm O.D., 2 
mm I.D. alumina nozzle in molten tin 
Figure E.2: Effect of bubble diameter on Eötvös 
number of bubbles generated by 6 mm O.D., 4 
mm I.D. alumina nozzle in molten tin 
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Figure E.3: Effect of bubble diameter on the 
mean aspect ratio of bubbles generated by 3 
mm O.D., 2 mm I.D. alumina nozzle in molten 
tin 
Figure E.4: Effect of bubble diameter on mean 
aspect ratio of bubbles generated by 3 mm O.D., 
2 mm I.D. alumina nozzle in molten tin  
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Table E.1: Morton number for molten tin in the temperature range 973 – 1173 K 
Temperature / K Morton Number 
  973 6.57 x 10-15 
1023 5.77 x 10-15 
1073 5.14 x 10-15 
1123        4.61 x 10-15 
       1173        4.24 x 10-15 
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F. Berkeley Madonna Programme (Codes) for Oxygen Dissolution and 
Reactions of Dissolved Oxygen with Methane 
 
METHOD RK4   {Model for oxygen dissolution in molten tin} 
 
STARTTIME = 0 
STOPTIME= 0.5 
DT = 1e-6 
DTOUT=0.001 
 
 
n' =A*Ko*(rho/(100*MMSn))*(Os-Ob)  
init n=0 
 
{Model is based on the assumption of liquid phase diffusion controlled rate, Os is the solubility of 
oxygen in molten tin at temperature T, Ob is the oxygen concentration (% atoms) in the bulk molten 
tin, rho is the density of molten tin at temperature T, ko is the mass transfer coefficient, MMSn is the 
molecular weight of tin} 
 
Ob = (n/(nSn+n))*100                {nSn is the mole of tin, n is the mole of oxygen atom dissolved in the  
molten tin} 
 
A = PI*(d^2)  {Area of a single bubble; spherical bubble was assumed, d is bubble 
diameter} 
Ko=2*(((Di*VelB)/(PI*d))^0.5)     {mass transfer coefficient (Higbie model), VelB is bubble velocity, d is  
bubble diameter, PI is π}    
 
Os = 10^((-5730/T)+4.19)          {Solubility of oxygen in molten tin in atom% (Belford and Alcock,1965)} 
     
Di = 6.4*(10^-8)*EXP(-4600/(R1*T))      {Di is the diffusivity of oxygen atoms in molten tin (Otsuka and  
Kozuka, 1974), R1 is gas constant} 
 
VelB = ((surt/(0.5*d*rho))+(0.5*d*g))^0.5         {bubble rise velocity; Mendelson Wave Equation} 
 
 
PO2 = PB*(nO2/(nO2+nHe         {Partial pressure of oxygen in bubble, nO2 is mole of oxygen 
and nHe is mole of helium in the gas}                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
PB = (PN+(rho*g*(h-x))+((4*surt)/d))/101325   {Total bubble pressure in atm, surt is the surface   
        tension of molten tin} 
 
h = VolSn/(PI*(rad^2))                          {Height of molten tin above the tip of immersed nozzle / m} 
 
VolSn = mSn/rho                                {rho is the density of tin at a particular temperature T, VolSn is  
the volume of molten tin, mSn is the mass of molten tin} 
 
nSn = mSn/MMSn                           {moles of molten tin} 
 
 
{The function for diameter d, was obtained by substituting the equation for bubble volume V=pi*d^3/6 
in the ideal gas equation V= nRT/P. The resulting polynomial was solved using the ROOTS function} 
 
Guess d = 0.005 
ROOTS d = ((d^3)*(PN+(rho*g*(h-x))))+(4*surt*(d^2))-(6*R*T*(nO2+nHe)/PI)     
LIMIT d >= 0 
LIMIT d <= 0.005 
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x' =((surt/(0.5*d*rho))+(0.5*d*g))^0.5                  {Position of rising bubble in the molten tin obtained  
from the velocity=dx/dt}   
INIT x = 0 
 
{Based on the stoichiometry of the reaction 1/2O2=[O], the moles of other species present at any time 
t, in the bubble are obtained from the moles of dissolved oxygen (n) transfered from the bubble-metal 
interface to the bulk molten metal} 
 
 
nO2 =nO2o-(0.5*n)         {nO2 is the moles of oxygen moleculs in the bubble at time, t, 
while nO2o is the initial moles of oxygen gas at t=0} 
 
nO2o = xO2*nTotal         {xO2 is the fraction of oxygen in the oxygen-helium blend, while  
       nTotal is the total mole of gas in the single bubble} 
 
nHe = xHe*nTotal         {nHe and xHe are the moles and fraction of helium in the gas  
       respectively} 
 
pernnO2=100*((0.5*n)/nO2o)              {% moles of oxygen gas dissolved in the molten tin} 
 
nTotal = (PBo*VolBo)/(R2*T)        {PBo is the initial bubble pressure, VolBo is the initial bubble     
       volume and R2 is the gas constant} 
 
VolBo = (PI*(do^3))/6         {do is the initial bubble diameter} 
 
PBo = (PN+(rho*g*h)+((4*surt)/do))/101325 {PBo is the initial bubble pressure in unit of atm, PN  
is the atmosperic pressure in Pascal} 
 
xO2 =0.1 
xHe = 1-xO2 
T = 1073.15                                                     {T, 800 C} 
rho = 6626                                                      {density (kg/m3) of molten tin at temperature T} 
surt = 0.504                                                    {N/m} 
 
{Parameters} 
 
do = 0.005                                                     {Initial bubble diameter / m} 
PN = 101325                                           {Pa} 
R1 = 1.9859                                                   {Gas constant; Cal/ mol.K} 
R = 8.314462                                                 {Gas constant; J / K mol } 
R2 = 8.205746*(10^-5)                                   {Gas constant; m3 atm K-1 mol-1} 
g = 9.80665                    {m/s2} 
      
rad = 0.035                                                    {inner radius of the reactor / m} 
mSn = 3                                                        {mass of molten tin / kg} 
MMSn=(118.71/1000)            {Molecular weight of tin in kg/mol} 
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METHOD RK4       {Gas phase diffusion controlled rate model for oxygen dissolution in molten tin at  
    700 oC} 
 
STARTTIME = 0 
STOPTIME=0.5 
DT = 1e-6 
DTOUT=0.001 
 
 
nO2' =-(kg/(R2*T))*A*(PO2-((Ob^2)/(K^2)))    
init nO2=nO2o 
 
{Model is based on the assumption of gas phase diffusion controlled  rate, Ob is the bulk oxygen 
concentration (% atoms) in the molten tin, kg is the gas film mass  transfer coefficient, PO2 is the 
partial pressure of oxygen, and K is the equilibrium constant for the reaction:1/2O2=[O]} 
 
Ob=(n/(nSn+n))*100              {nSn is the mole of tin, n is the mole of oxygen atom dissolved in  
      the molten metal} 
 
A = PI*(d^2)           {Area of a single bubble; spherical bubble is assumed, d is  
       bubble diameter} 
 
kg=2*(((Di*VelB)/(PI*d))^0.5)               {mass transfer coefficient-Higbie model, VelB is bubble velosity, 
        d is bubble diameter, PI is π}         
 
Di =(10^-4)*(1*(10^-3)*(T^1.75)*(((1/MO2)+(1/MHe))^0.5))/(P*((((vO2)^(1/3))+((vHe)^(1/3)))^2)) 
      
{Di is the diffusivity of oxygen molecules in He gas by the Fuller at al, 1966 method} 
 
 
VelB = ((surt/(0.5*d*rho))+(0.5*d*g))^0.5                 {bubble rise velocity; Mendelson Wave Equation} 
 
K = EXP(deltaG/(-R*T))                     {Equilibrium constant for the reaction 1/2O2=[O]} 
 
deltaG = -176300+(20.25*T)              {Gibbs free energy change (J/mol) for oxygen dissolution in 
        molten tin obtained from Otsuka et al, 1981} 
 
PO2 = PB*(nO2/(nO2+nHe))              {Partial pressure of oxygen in bubble, nO2 is mole of oxygen and  
      nHe is mole of helium in the gas}     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
PB = (PN+(rho*g*(h-x))+((4*surt)/d))/101325   {Total bubble pressure in atm, surt is the surface  
        tension of molten tin} 
 
h = VolSn/(PI*(rad^2))                          {Height of molten tin above the tip of immersed nozzle / m} 
VolSn = mSn/rho                                {rho is the density of tin at a particular temperature T, VolSn is  
     the volume of molten tin, mSn is the mass of molten tin} 
 
nSn = mSn/MMSn                           {moles of molten tin in the reactor} 
 
 
{The function for diameter d, was obtained by substituting the equation for bubble volume V=pi*d^3/6 
in the ideal gas equation V= nRT/P. The resulting polynomial was solved using the ROOTS function} 
 
Guess d = 0.005 
ROOTS d = ((d^3)*(PN+(rho*g*(h-x))))+(4*surt*(d^2))-(6*R*T*(nO2+nHe)/PI)     
LIMIT d >= 0 
LIMIT d <= 0.005 
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x' =((surt/(0.5*d*rho))+(0.5*d*g))^0.5                  {Position of rising bubble in the molten tin obtained 
from the velocity dx/dt}   
INIT x = 0 
 
n=no+(2*(nO2o-nO2))         {n is the moles of oxygen atom at time, t, while no is the initial  
      moles of oxygen atom at t=0} 
 
no=0           {Intial mole of dissolved oxygen atom in molten tin} 
nO2o = xO2*nTotal         {xO2 is the fraction of oxygen in the oxygen-helium blend, while  
       nTotal is the total mole of gas in the single bubble} 
 
nHe = xHe*nTotal         {nHe and xHe are the moles and fraction of helium in the gas  
       respectively} 
 
pernnO2=100*((nO2o-nO2)/nO2o)              {% moles of oxygen gas dissolved in the molten tin} 
 
 
nTotal = (PBo*VolBo)/(R2*T)        {PBo is the initial bubble pressure, VolBo is the initial bubble  
       volume and R2 is the gas constant} 
 
VolBo = (PI*(do^3))/6         {do is the initial bubble diameter} 
PBo = (PN+(rho*g*h)+((4*surt)/do))/101325 {PBo is the initial bubble pressure in unit of atm, PN  
is the atmospheric pressure in Pascal} 
 
xO2 =0.1 
xHe = 1-xO2 
 
 
T = 973.15                                                     {T, 700 oC} 
rho = 6690                                                   {density (kg/m3) of molten tin at temperature t} 
surt = 0.512                                                  {N/m} 
 
 
{Parameters} 
do = 0.005                                                     {Initial bubble diameter / m} 
PN = 101325                                          {Pa} 
R1 = 1.9859                                                   {Gas constant; Cal/ mol.K} 
R = 8.314462                                                 {Gas constant; J / K mol } 
R2 = 8.205746*(10^-5)                                     {Gas constant; m3 atm K-1 mol-1} 
 
g = 9.80665                    {m/s2} 
      
                                 
rad = 0.035                                                    {inner radius of the reactor / m} 
mSn = 3                                                        {mass of molten tin / kg} 
MMSn=(118.71/1000)            {Molecular weight of tin in kg/mol} 
 
 
{Di Parameter} 
 
MO2=32 
MHe=4 
vO2=16.6 
vHe=2.88 
P=1      {Total pressure of the gas mixture in atm} 
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METHOD RK4  {CH4 Conversion to CO2 and H2O based on equilibrium at 900 
oC} 
 
 
 
STARTTIME = 0 
STOPTIME=0.6 
DT = 0.0000001 
DTOUT = 0.001 
 
n' = A*Ko*C  
INIT n = 0 
A = PI*(d^2) 
Ko=2*(((Di*VelB)/(PI*d))^0.5)                {mass transfer coefficient-Higbie model}       
   
Di = 6.4*(10^-8)*EXP(-4600/(R1*T))      {Di is the diffusivity of oxygen atom in molten tin, R1 is gas  
constant, from Otsuka and Kozuka, 1974} 
 
VelB = ((surt/(0.5*d*rho))+(0.5*d*g))^0.5                 {bubble rise velocity; Mendelson Wave Equation} 
 
C = (ndO - n)/VolSn                            {Saturation concentration of dissolved oxygen in the molten tin at  
temperature T} 
ndO = nSn*(ndOs/(100-ndOs))             {determines moles of dissolved oxygen that saturates nSn  
moles of molten tin} 
 
ndOs = 10^((-5730/T)+4.19)                 {% solubility of oxygen in molten tin from Belford and alcock,  
1965} 
 
VolSn = mSn/rho                                {rho is the density of tin at a particular temperature T} 
nSn = (1000*mSn)/MMSn                    {moles of molten tin} 
 
 {The function for diameter d, was obtained by equating the two definitions of volume of the bubble 
V=pi*d^3/6 and V= nRT/P, both being functions of the bubble diameter. The resulting polynomial was 
solved using the ROOTS function} 
Guess d = 0.005 
ROOTS d = ((d^3)*(PN+(rho*g*(h-x))))+(4*surt*(d^2))-(6*R*T*(nCH4+nCO+nH2+nCO2+nstm)/PI)     
LIMIT d >= 0.005 
LIMIT d <= 0.1 
 
 PB = PN+(rho*g*(h-x))+(4*surt/d)        {Pressure of bubble with surface tension effect, where surt is   
the surface tension of molten tin at temperature T.} 
 
 
h = VolSn/(PI*(rad^2))                          {height of molten tin above the tip of immersed nozzle / m} 
 
x' =((surt/(0.5*d*rho))+(0.5*d*g))^0.5       {Position of rising bubble in the molten tin obtained  
from the velocity dx/dt}   
INIT x = 0 
 
{Based on the stoichiometry of the reaction 1CH4+4[O]=0.82CO2+1.68H2O+0.32H2+0.18CO (based 
on equilibrium composition), the moles of other species present at any time t, in the bubble are 
obtained from the moles of dissolved oxygen (n) transfered to the bubble-metal interface} 
 
nCH4 =nCH4o-(n/4) 
nCO =nCOo+(n*0.18/4) 
nH2 =nH2o+(n*0.32/4) 
nCO2=nCO2o+(n*0.82/4) 
nstm=nstmo+(n*1.68/4) 
pernCH4=100*((nCH4o-nCH4)/nCH4o)              {conversion of methane / %} 
 
291 
 
VolBo = PI*(do^3)/6 
nCH4o = (PBo*VolBo)/(R*T) 
PBo = PN+(rho*g*h)+(4*surt/do) 
 
{Parameters} 
nCOo = 0 
nH2o = 0 
nCO2o=0 
nstmo=0 
do = 0.005                                                     {Initial bubble diameter / m} 
 
T = 1173.15                                                     {T, 900 oC} 
rho = 6562                                                    {density (kg/m3) of molten tin at temperature t} 
surt = 0.496                                                  {N/m} 
 
 
PN = 101325.01                                             {Pa} 
R1 = 1.9859                                                   {Cal / mol.K} 
R = 8.314462                                                 {J / K mol } 
g = 9.80665                                                     
rad = 0.035                                                    {inner radius of the reactor / m} 
mSn = 3                                                        {mass of molten tin / kg} 
MMSn = 118.71                                             {molarmass of tin / g/mol} 
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G. Thermodynamic Process Analysis of an Indirect Sn(l)-SOFC for the 
Generation of 100 MW of Electrical Power at 1000 oC 
A thermodynamic analysis of an indirect Sn(l)-SOFC described schematically in 
Figure G.1 is presented in this section. It has been previously shown that it is 
possible to generate electrical power from high temperature fuel cells operating on 
methane with the overall electrochemical reaction being the reforming of methane to 
syngas. So it is required to show the possibility of operating an indirect Sn(l)-SOFC 
autothermally for both electricity generation and reforming of fuel e.g. methane. 
Thus the efficiencies of the partial and total oxidations of methane and carbon in a 
thermodynamically reversible indirect Sn(l)-SOFC system for the generation of 100 
MW of electricity were computed and are compared in this section. 
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Figure G.1: Schematic of a Sn(l)-SOFC system 
for generation of 100 MW of electricity  
Figure G.2: Schematic of a black box 
representation of the reversible fuel cell system 
of Figure G.1 
As shown in Figure G.1; air and the fuel (methane or carbon) are fed to the system at 
25 oC while the products and exhaust air leave the system at 50 oC. Fresh air enters 
the molten tin anode SOFC at temperature 1T  after it has been preheated by depleted 
air exiting the Sn(l)-SOFC which was assumed to operate at 1000 oC. It was also 
assumed that the oxygen dissolved in the molten tin during the operation of the 
SOFC formed tin dioxide which is transported to the molten tin reactor along with the 
molten tin where it is contacted with the fuel. The regenerated molten tin and reaction 
products exit the reactor at temperature 3T ; the molten tin is then transported back to 
the SOFC via a heat exchanger which is required to either extract or supply heat to 
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the molten tin depending on the difference between temperatures 2T  and 3T . 
The reversible fuel cell system is represented with a black box in Figure G.2 with the 
overall material and energy flow in and out of the system depicted by arrows. 
Material and energy balances were computed for the system to determine the 
unknown temperatures: 1T , 2T , and 3T , and to determine if additional heat is required 
by the system when the fuel reaction involves the partial oxidation of the fuel. 
Subsequently efficiencies were computed for the system based on the fuel reaction 
assumed. Four fuel cell reactions were considered; the partial and total oxidations of 
methane and those of carbon. 
The computation was based on the assumption of thermodynamic reversibility; the 
maximum electrical energy which could be obtained from the system equals the 
Gibbs energy change for the specific fuel oxidation, while the reversible heat is T S . 
The enthalpy of the reaction is related to the Gibbs energy change and the heat 
generated reversibly: 
 H G T S      [G.1] 
This implies that the chemical energy of the fuel is being reversibly converted via its 
oxidation to electrical energy and heat.  
An operating potential difference of 0.5 V was assumed, the stack current was 
obtained from the power requirement of 100 MW, and Faraday’s law was used to 
compute the oxygen flux [ ]Or  (mol s
-1) required.  
 [ ]
s
O
e
I
r
F
  [G.2] 
The solubility of oxygen in molten tin ,[ ]s TO  (Belford & Alcock, 1965) was used to 
compute the flow rate of tin Snr  (mol s
-1) required at each operating temperature: 
 ,, [ ]
,
100 [ ]
*
[ ]
s T
Sn T O
s T
O
r r
O
 
   
 
 [G.3] 
The material balance at steady state for each of the species flowing through each 
process unit in the system described schematically in Figure G.1 and Figure G.2 is 
expressed as:  
 . ., , , ,out in gen coni i i i
n n n n  
 [G.4] 
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Where ,inin , ,outin , .,genin , and .,conin  are the rates (mol s
-1) of inflow, outflow, generation 
and consumption of species i  respectively in a process unit of the system. 
100% excess fresh air was assumed while stoichiometric flow rate (mol s-1) of fuel 
was assumed for each of the fuel reactions considered. The energy balance for the 
process is expressed as: 
 i i i i E
out in
n H n H Q W     [G.5] 
Where Q  is the rate of heat generation by the process, EW  is the rate of electrical 
work done by the process while iH  is the specific enthalpy of species i  in the inlet or 
outlet stream of the process.  
Various efficiencies were computed for the fuel cell system, the electrical efficiency is 
related to the electrical power generated ( EP ) and the lower heating value 
r
fLHV (J 
mol-1) of the fuel in the reactant stream by equation G.6, where 
r
r
fM  is the molar flow 
rate (mol s-1) of the fuel in the reactant stream.  
 1
r
E
elect r r
f f
P
LHV M
 
    
 
 [G.6] 
The fuel conversion efficiency fc is defined as: 
 r
r
pp
ff
fc r r
f f
MLHV
LHV M
 
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 
 [G.7] 
where pfLHV  and 
r
fLHV  are the lower heating values of the fuel (e.g. CO  and 2H ) in 
the product and reactant (e.g. 4CH ) streams respectively while r
p
fM  is the molar flow 
rates of the fuel in the product stream. The electrical and heat efficiency &elect heat  is 
given by equation G.8, where /s eQ  is the heat supplied to or extracted from the 
system (J s-1): 
 /&
1
r
E s e
elect heat r r
f f
P Q
LHV M
 
    
 
 [G.8] 
The overall system efficiency overall  considering the electrical power generated by the 
system, the heat supplied to or generated by the system, and the lower heating value 
of the product fuel pfLHV  is expressed as: 
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Figure G.3: Schematic of a Sn(l)-SOFC system 
for the generation of 100 MW of electricity with 
pumping requirement 
Figure G.4: Schematic of a black box 
representation of the reversible fuel cell system 
of Figure G.3 
The Sn(l)-SOFC cell system described schematically in Figure G.1 may involve 
pumping of the molten tin through the system. Thus Figure G.1 is re-presented in 
Figure G.33 with the inclusion of the pumping requirement and Figure G.4.4 is the 
black box representation. 
With the pumping requirement, the overall system efficiency is defined by equation 
G.10 where PP  is the power required for pumping the molten tin through the system: 
 
 . 1r
r
p p
E s f f P
overall r r
f f
P Q M LHV P
LHV M
   
  
 
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 [G.10] 
The pumping energy required was calculated from the potential energy required to 
transport molten tin of flow rate ( Snm ) through a height ( h ) using a pumping efficiency 
of 70 %:  
 
0.7
Sn
P
m gh
P   [G.7] 
Figure G.5 shows the temperature effect on the flow rate of tin required for the 
generation of 100 MW of electricity from the Sn(l)-SOFC cell system. The solubility of 
oxygen in molten tin increases with increase in temperature (Belford & Alcock, 1965), 
consequently, the flow rate of tin required by this system decreased with increasing 
temperature in the range 973 – 1273 K investigated. This suggests that it is more 
favourable to operate this system at elevated temperatures. 
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Figure G.5: Effect of temperature on molten tin flow 
rate required for the generation of 100 MW of 
electricity from a Sn(l)-SOFC system with molten tin 
anode 
Figure G.6, Figure G.7, Figure G.8, and Figure G.9 show the schematics for the 
partial and total oxidations of methane and carbon in a Sn(l)-SOFC system. The 
unknown temperatures: 1T , 2T , and 3T  for each of the systems were obtained from 
the material and energy balances and are shown in Figure G.6, Figure G.7, Figure 
G.8, and Figure G.9. Heat is available from the cooling of the gaseous products 
exiting the molten tin reactor while for the partial oxidations of methane and carbon, 
heat is required to increase the molten tin temperature after exiting the reactor from 
945 oC to 970 oC and 967 oC to 970 oC respectively. 
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Figure G.6: Schematic of a Sn(l)-SOFC system 
for the generation of 100 MW of electricity by 
the partial oxidation of methane to CO  and 2H   
Figure G.7: Schematic of a Sn(l)-SOFC system 
with molten tin anode for the generation of 100 
MW of electricity by the total oxidation of 
methane to 2CO  and 2H O  
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Figure G.8 : Schematic of a Sn(l)-SOFC system 
for the generation of 100 MW of electricity by 
the partial oxidation of carbon to CO   
Figure G.9: Schematic of a Sn(l)-SOFC system 
for the generation of 100 MW of electricity by the 
total oxidation of carbon to 2CO   
The heat availability and system efficiencies for the partial and total oxidation of 
methane and carbon are shown on Tables G.1 and Table G.2 respectively. 
Table G.1 and Table G.2 show that the system requires a heat input of 66.81 MJ s-1 
for the generation of 100 MW of electricity by the partial oxidation of methane while 
the other reactions do not have any additional heat requirement. This heat 
requirement by the partial oxidation of methane in the SOFC system is readily 
compensated for by the heating value of the fuel (syngas) in the product stream. 
Thus the system can be operated autothermally for electricity generation and 
reforming of methane. 
The electrical efficiencies for the partial oxidations of methane and carbon in this 
system are 12 % and 24.52 % respectively compared to those of the total oxidations 
which are 48.09 % and 49.04 % respectively. Fuel conversion efficiencies of 95.52 % 
and 71.91 % were obtained for the partial oxidations of methane and carbon to 
syngas and carbon monoxide respectively. 
Electrical and heat efficiencies of 3.99 % and 27.47 % were obtained for the partial 
oxidations of methane and carbon while 98.81 % and 98.88 % were obtained for the 
total oxidations respectively.  
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Figure G.10: Effect of temperature on pumping energy 
requirement for generation of 100 MW of electricity 
from a Sn(l)-SOFC system. 
Tables G.1 and Table G.2 show that the overall efficiencies are almost 100 %; the 
difference in each case is due to the products and depleted air exiting the system 
with some thermal energy at 50 oC.  
Thus the Sn(l)-SOFC system could be operated autothermally for the generation of 
both electricity and syngas by the partial oxidation of methane at 1000 oC. 
Figure G.0 shows the temperature effect on the pumping requirement of the system 
for the transport of the molten tin through a height of 10 m and 20 m. The pumping 
energy requirement decreased with increasing operating temperature, thus the 
operation of this system at elevated temperatures also aids the reduction of the 
pumping energy requirement and consequently the overall system efficiency. 
The overall system efficiencies after inclusion of the pumping requirement for a 
height of 10 m are shown on Table G.3. When Table G.3 is compared with Table G.1 
and Table G.2, it is seen that the pumping requirement at 1000 oC only slightly 
reduces the overall efficiencies.  
 
 
 
 
 
 
299 
 
Table G.2: Heat availability and system efficiencies for the partial and total oxidations of methane in an 
Sn(l)-SOFC system for the generation of 100 MW of electricity 
 4 2 22 ( ) ( ) 2 ( ) 4 ( ) CH g O g CO g H g  4 2 2 2( ) 2 ( ) ( ) 2 ( )CH g O g CO g H O g 
 
   
Electrical  Efficiency / % 12 48.09 
Heat Available from 
System / MJ s-1 
----- 105.47 
Heat Required by System 
/ MJ s-1 
66.81 ----- 
Electrical and Heat  
Efficiency / % 
3.99 98.81 
Heat Available from Fuel 
/ MJ s-1 
794.54 ----- 
Overall System Efficiency 
/ % 
99.51 98.81 
Fuel Conversion Efficiency 
/ % 
95.52 ----- 
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Table G.3: Heat availability and system efficiencies for the partial and total oxidations of carbon in a 
Sn(l)-SOFC system for the generation of 100 MW of electricity 
 22 ( ) ( ) 2 ( )C s O g CO g  2 2( ) ( ) ( )C s O g CO g  
 
   
Electrical  Efficiency / % 24.52 49.04 
Heat Available from 
System / MJ s-1 
12.02 101.63 
Heat Required by System  
/ MJ s-1 
----- ----- 
Electrical and Heat  
Efficiency / % 
27.47 98.88 
Heat Available from Fuel  
/ MJ s-1 
293.27 ----- 
Overall System Efficiency  
/ % 
99.38 98.88 
Fuel Conversion Efficiency 
/ % 
71.91 ----- 
 
 
Table G.4: Pumping requirement for a height of 10 m and overall system efficiencies for the partial and 
total oxidations of methane and carbon in Sn(l)-SOFC system with for the generation of 100 MW of 
electricity 
 4 2
2
2 ( ) ( )
2 ( ) 4 ( )
CH g O g
CO g H g


 
4 2
2 2
( ) 2 ( )
( ) 2 ( )
CH g O g
CO g H O g


 
22 ( ) ( )
2 ( )
C s O g
CO g
  2
2
( ) ( )
( )
C s O g
CO g

 
     
Pumping Energy 
Required / MW 
3.51 3.51 3.51 3.51 
Overall Efficiency 
(with pumping) 
 / % 
99.09 97.12 97.65 97.16 
     
 
